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SUMMARY 


This  report  cove. ..  the  developmental  work  accomplished  on  a  program 
to  demonstrate  the  feasibility  of  using  fluidic  sensing  amplification  and 
signal  shaping  techniques  to  mechanize  a  single-axis,  rate  feedback 
damper  system  for  V/STOL  aircraft.  The  specific  design  goal  was  to 
increase  the  yaw  axis  damping  ratio  of  the  UH-1B  helicopter  from  0.  30 
unaugmented  to  0.  60  augmented. 

The  control  problem  was  analyzed  and  the  damper  system  mechaniza¬ 
tion  defined  through  the  use  of  analog  and  digital  computer  simulation 
techniques.  The  component  hardware  was  designed,  fabricated,  and 
bench  tested. 

Closed-loop  system  bench  testing,  using  an  analog  computer  to  simu¬ 
late  the  UH-1B  helicopter,  showed  that  the  fluidic  damper  system  was 
feasible  for  helicopter  control  system  mechanization.  The  addition  of 
the  damper  system  to  the  simulated  aircraft  raised  the  yaw  axis  damp¬ 
ing  ratio  from  0.  30  unaugmented  to  0.  60  augmented. 

Recommendations  for  further  work  are  presented. 


This  document  is  the  final  report  on  a  research  and  development  pro¬ 
gram  authorized  by  the  U.  S.  Army  Aviation  Materiel  Laboratories 
under  contract  No.  DA  44-177-AMC-294(T).  The  objective  is  to 
demonstrate  the  feasibility  of  developing  an  automatic  control  sys¬ 
tem  for  V/STOL  aircraft  using  pure  fluid  (hydraulic  oil)  sensing, 
amplification,  and  signal  shaping  techniques,  by  designing,  fabri¬ 
cating,  and  bench  testing  a  functional  model  of  a  yaw  rate  damper 
system.  The  program  is  a  part  of  the  continuing  effort  by  the  U.  S. 
Army  to  obtain  stabilization  systems  for  V/STOL  aircraft  that  are 
reliable,  lightweight,  inexpensive,  easily  maintained  and  readily 
stored.  The  work  presented  in  this  report,  representing  all  of  the 
research  and  development  activity  carried  out  during  the  program, 
was  initiated  on  1  July  1965  and  completed  on  24  June  1966. 
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CHAPTER  1 


INTRODUCTION 


This  report  describes  the  research  and  development  work  accomplished 

to  demonstrate  the  feasibility  of  using  a  hydraulic  fluidic  yuw  rate 
damper  to  provide  heHcopter  flight  control  system  mechanization.  The 
performance  goal  was  to  improve  the  unaugmented  yaw  axis  damping  of 
the  UH-1B  helicopter  from  approximately  0.  30  to  approximately  0.  60 
or  greater  augmented. 

The  research  and  development  work  included  system  analysis,  hard¬ 
ware  design,  component  test  results,  and  system  bench  test  results. 
Conclusions,  problem  areas,  and  recommendations  for  improvement 
arc  presented. 

A  study  of  the  aircraft  hydraulic  power  source  system  requirements 
for  the  use  of  the  fluidic  damper  in  the  UH-1B  helicopter  is  also  pre¬ 
sented. 
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CHAPTER  2 


T 


SYSTEM  ANALYSIS 


This  section  describes  the  analytical  design  effort  consisting  of  the 
Preliminary  System  Analysis  and  Final  System  Analysis.  Each  area 
of  analytical  work  is  discussed  separately. 


PRELIMINARY  SYSTEM  ANALYSIS 


SUMMARY 

A  preliminary  yaw  damper  configuration  for  the  UH-1B  helicopter  was 
defined  and  its  linear  performance  analyzed. 

Only  the  key  points  of  the  analysis  procedure  and  significant  results 
are  described  here.  The  performance  of  the  final  system  configuration 
is  described  in  detail  in  a  later  section.  The  system  defined  used  hi - 
pass  yaw  rate  with  fixed  gain  to  increase  the  yaw  axis  damping  ratio 
and  to  reduce  the  divergence  rates  at  hover  to  one-half  of  their  unaug¬ 
mented  value. 


DISCUSSION 

The  objective  of  the  preliminary  system  analysis  was  to  define  mathe¬ 
matically  the  system  block  diagram  and  preliminary  parameter 
values.  No  performance  requirements  were  specified  other  than  that 
the  system  must  damp  external  flight  path  disturbances  during  steady 
maneuvers  without  opposing  the  pilot's  commands.  Self-imposed 
analysis  objectives  were  to  maximize  yaw  damping  with  a  minimum 
of  system  complexity  and  to  deliver  this  improved  damping  over  the 
expected  range  of  system  developmental  tolerances.  Stabilization 
during  hover  requires  more  than  a  simple  yaw  damper  so  that  substam 
tial  reduction  in  divergence  rates  is  considered  satisfactory. 

The  use  of  collective  pitch  and  roll  crossfeeds  was  considered  and 
rejected  for  the  following  reasons: 

1.  Airframe  data  to  permit  evaluation  of  a  collective 
crossfeed  was  not  available. 

2.  Complexity  of  the  system  would  be  increased  far 
beyond  that  necessary  to  demonstrate  fluid  system 
feasibility. 
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It  was  felt  that  the  resulting  system  described  below, had  the  capability 
of  demonstrating  feasibility  of  an  all-hydraulic  yaw  damper  to  reduce 
the  pilot  workload  substantially. 


System  Description 

The  preliminary  block  diagram  of  the  yaw  damper  is  shown  in  Figure  1. 
It  consisted  of  a  hydraulic  yaw  rate  sensor  with  the  fluid  output  amp¬ 
lified,  hi  -passed,  and  then  fed  directly  to  the  series  augmentation 
servo.  A  "trim"  was  provided  to  bias  out  any  null  offset.  The  use  of 

hi-pass  yaw  rate  effectively  eliminates  opposition  of  the  damper 
to  yaw  commands  by  the  pilot,  and  the  use  or  a  series  servo  elimin¬ 
ates  feedback  of  damper  commands  into  the  rudder  pedals.  The  hi  - 
pass  also  will  minimize  the  effects  of  rate  sensor  drift. 


Data  and  Assumptions 

Lateral  equations  of  motion  for  four  flight  conditions  were  received 
from  Bell  Aircraft  in  matrix  form.  The  matrix  with  corresponding 
elements  is  shown  in  Figure  2. 

A  servo  with  a  fluid  interface  having  a  natural  frequency  (90°  phase 
lag)  of  10  cps  or  greater  and  a  damping  ratio  of  0.  7  was  specified. 

All  other  system  dynamics  were  assumed  to  be  accounted  for  in  a  50- 
millisecond  double  lagged  transport  lag,  e _0-  05s /( l  +  0.  05s)z  (see 
Figure  3).  Of  this,  the  sensor  was  to  contribute  no  more  amplitude 
or  phase  lag  below  100  radians  per  second  than  is  exhibited  by  the 
30-millisecond  second  order,  1/(1  +  0.03s)2, 


Analysis 

Root  loci  of  the  augmented  yaw  axis  with  unrestrained  roll  axis  were 
calculated  using  the  Figure  2  matrix. 

A  second-order  Pade  approximation  of  the  50-millisecond  time  delay 
was  used,  (s2  -  120s  +  4800)/  (s2  +  120s  +  4800),  which  is  valid  for 
frequencies  below  7  cps. 

The  critical  gains  and  frequencies  of  the  root  loci  were  verified  with  an 
analog  computer  simulation  within  less  than  10  percent. 

Optimization  of  the  system  was  done  largely  with  the  analog  computer 
simulation  and  consisted  of  observing  responses  to  tail  rotor  steps  and 
10  fps  side  gusts,  with  and  without  restraining  the  roll  axis. 
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Itrol  System  Matrix 


lllng  Moment  Yawing  Moment 

Equation  I  Equation 
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Restraint  of  the  roll  axis  was  accomplished  in  two  ways: 

1.  Inserting  a  roll  attitude  autopilot  to  simulate  "wings  level" 
control  by  a  pilot. 

2.  Eliminating  the  rolling  moment  equation. 

Responses  to  gusts,  rudder  steps,  and  roll  attitude  commands  were 
observed  to  gain  insight  into  the  yaw  damper  response  when  the  pilot 
holds  the  roll  attitude  fixed. 

The  control  equation  for  the  roll  attitude  autopilot  used  is 

Ai  =  [0.2  —  +  where  is  the  cyclic  pitch  displacement.  This 

control  produced  a  dead-beat  roll  response  to  a  step  "oil  command  with 
a  time  to  90  percent  of  3  seconds. 

Tail  boom  bending,  series  servo  authority  limits,  vibration  modes, 
small  amplitude  linkage  non-linearities,  etc.  ,  were  not  analyzed. 
Except  for  authority  limits,  insufficient  data  exists  to  evaluate  the 
effects  of  these  higher  order  considerations  short  of  running  paramet¬ 
ric  studies. 


RESULTS  AND  CONCLUSIONS 

1.  The  preliminary  analysis  indicated  that  the  system  would  increase 
the  yaw  axis  damping  ratio  of  the  UH-1B  from  0.  2  unaugmented  to 
0.6  augmented  for  all  flight  conditions  but  hover.  Although  un¬ 
stable  in  hover,  the  free  vehi  Te  is  controllable;  and  with  this 
damper  engaged,  the  divergence  rates  should  be  halved  at  least, 
thus  substantially  reducing  the  pilot  workload. 

2.  Performance  of  the  yaw  damper  degrades  only  slightly  with  the 
deviations  from  nominal  gain  and/ or  hi-pass  time  constant  that 
are  expected  to  occur. 

3.  Removal  of  the  servo  or  transport  lags  had  but  a  slight  effect  on 
the  major  control  mode  at  frequencies  below  4  radians  per  second, 
implying  a  degree  of  tolerance  to  higher  frequency  (>  20  rps) 
unknowns. 


FINAL  SYSTEM  ANALYSIS 


SUMMARY 

The  analog  simulation  of  the  UH-1B  hydraulic  damper  system  was 
reiterated  when  revised  aerodynamic  data  was  received  from  Bell 
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Helicopter  Company.  Instabilities  associated  with  the  initial  definition 
of  the  aircraft,  including  the  hover  flight  condition,  were  eliminated  by 
the  revised  data.  This  resulted  in  an  improved  damped  response  at  all 
flight  conditions.  It  was  also  determined  that  a  significant  improve¬ 
ment  in  system  damping  could  be  realized  by  increasing  the  hi-pass 
time  constant.  Inclusion  of  primary  control  system  linkage  backlash 
(not  available  during  the  preliminary  analysis)  required  an  increase  in 
damper  system  loop  gain.  The  performance  of  the  yaw  damper  was 
found  to  be  strongly  tolerant  to  off-design  variations  in  system  com¬ 
ponent  mechanization. 


DISCUSSION 

The  final  analytical  study  was  conducted  to  evaluate  the  impact  of  the 
revised  UH-1B  aerodynamic  and  control  system  data  on  the  initial  yaw 
damper  configuration.  The  objectives  of  the  study  were  toi 

1.  Evaluate  the  effect  of  the  revised  data  on  predicted 
performance. 

2.  Revise  the  system  configuration,  if  necessary,  to  optimize 
performance. 

3.  Determine  the  effect  of  primary  control  system  non- 
linearities  (e.g.  ,  linkage  backlash)  on  damper  system 
performance. 

4.  Parametrically  investigate  the  effects  of  off-design 
mechanization  of  the  system  components  to  determine 
range  of  production  tolerances. 

Primary  emphasis  in  this  study  was  placed  on  the  dynamic  system 
response  to  external  disturbances  as  obtained  from  an  analog  simula¬ 
tion  of  the  aircraft  control  system  and  yaw  damper.  Stability  margins 
were  obtained  from  the  analog  and  verified  by  digital  root  locus  tech¬ 
niques.  Performance  verification  and  correlation  were  obtain0'*  between 
digital  and  analog  studies. 


System  Configuration  and  Data 

An  analytical  block  diagram  of  the  final  system  configuration  is  shown 
in  Figure  4.  This  is  essentially  the  same  configuration  analyzed  dur¬ 
ing  the  preliminary  study  with  the  addition  of  the  control  system  non- 
linearities  and  a  change  in  the  hi-pass  time  constant.  Control  system 
non-linearities  were  obtained  from  ECOM  Avionics  Laboratories. 

The  control  system  loop  equations  used  in  the  root  locus  analysis  are 
shown  in  Figure  5.  The  first  four  equations  represent  the  aircraft 
equations  of  motion  with  numerical  values  of  the  coefficients,  a^,  b^, 
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Figure  4.  Analytical  Block  Diagram  for  UH-1B  Yaw  Damper  Study 
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HYDRAULIC  RATE  SENSOR 

1.  bnP  +  cllP  +  Ci2^+  b13®  +  c13®+  b14®  +  c14^  +  c19eT  =  ® 

2.  b21P+  c21P  +  b22^  +  c22^+  c29  flT  =  0 

3.  b3^P  +  c31P  +  c32l*/+  a33®  +  b33^  +  b34^  +  c34®  +  c39  ®T  =  8 

4.  b +  b^^0  +  c44^  =  ® 


5.  ^  =  V 


6.  V*1 


s2+-is+§-J 


t  T 

2 


s2+>  ig«gs+“7j 


7*  el'  Ke1  ^G"  K&2  jl+THSj  rG 


8-  *2  =  KeT  €l 


9.  eT= 


T  Ls2+2CS  «sS+u,J 


*i  (s2+4s^|-^  |s2-4s  +  ^]=o 

^g(s2+2«GuGS  +  wG2|  -  *1  UG2  =  0 


1  1+ths  ’\(1+ths  Vk*2V° 


e2  '  KeT  ci =  0 


eT  |S2+2cs  wsS+us2  *  ®2  ws2  =  0 


Figure  5.  Block  Diagram  and  Equations  for  Digital  Study  Matrix 
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ar*d  ci,  given  in  Figure  6.  The  complete  set  of  matrix  equations  is 
shownJin  Figure  7. 


Study  Results 

Nominal  System  Performance 

Dynamic  responses  of  the  aircraft  yaw  damper  system  were  obtained 
with  the  analog  simulation  described  in  Figures  8,  9,  and  10.  All 
analog  responses  include  the  0.  46-degree  linkage  backlash  of  the  pri¬ 
mary  control  system.  All  other  parameters  are  the  nominal  values 
defined  in  the  preliminary  analysis  unless  otherwise  noted. 

The  boost  servo  non-linearity  was  not  simulated  but  was  studied  sep¬ 
arately. 

Figures  11  through  15  are  analog  traces  of  the  aircraft  response  at 
four  flight  conditions  to  lateral  gusts  and  step  tail  rotor  commands. 
Comparisons  are  made  of  free  aircraft  and  yaw  damper  augmented 
aircraft,  both  considering  the  effect  of  fixing  the  aircraft  roll  attitude. 


Table  I  lists  the  performance  quantities  of  percent  overshoot  (#  O.  S.  ) 
and  solution  time  (Tgg  -  time  to  reach  and  remain  within  10  percent  of 
the  final  value).  These  criteria  were  obtained  from  the  /3  trace  of  the 
referenced  figures.  In  all  cases,  the  response  overshoot  was  elim¬ 
inated  or  substantially  reduced  with  the  yaw  damper  engaged  (AUG  ON). 
If  one  assumes  the  response  to  be  a  second  order,  this  overshoot  can 
be  expressed  as  an  increase  in  effective  damping  ratio  from  0.  32  (free 
aircraft)  to  better  than  0.  6  (augmented  aircraft). 


TABLE  J 

NOMINAL  SYSTEM  PERFORMANCE 


Disturbance 

Gust 

Step 

F.C. 

0 

0  Free 

_ 

®  Fixed 

0  Free 

0  Fixed 

XAug 

OFF 

ON 

OFF 

ON 

OFF 

ON 

OFF 

ON 

60 

i  O.S. 

33.  0 

0.  0 

27.0 

0.  0 

36.  0 

10.  0 

35.0 

5.  0 

KTS 

T90 

4.  0 

1.  5 

3.  6 

2.  1 

3.  4 

3.  0 

2.  6 

1.4 

90 

<  O.S. 

33.  0 

0.  0 

33.0 

0.0 

29.  0 

7.  0 

25.  0 

5.0 

KTS 

H 

CD 

O 

3.  1 

1.0 

2.9 

1.  2 

3.  0 

1.  4 

1.  7 

1.  0 

120 

%  O.S. 

37.  0 

0.  0 

33.0 

0.  0 

34.  0 

10.  0 

20.  0 

5.  0 

KTS 

T90 

2.  6 

1.0 

2.  4 

1.0 

1.  5 

1.0 

1.  8 

1.  1 
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1. 

2. 

3. 

4. 

Elements. 

(Hover) 

V  =  60  Knots 

V  =  90  Knots 

V=  120  Knots 

a33 

-2500. 

-2500. 

-2500. 

-2500. 

bll 

-217.5 

-22373. 

-33467. 

-40862. 

b12 

-350. 

-486. 

-424. 

-335. 

b14 

56. 
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-67.9 

-53.6 

b21 

0. 

9982. 

11909. 

13226. 

b2  2 

-8000. 

-8000. 

-8000. 

-8000. 

b31 . 

0. 

-2075. 

-2406 

-2627. 

>33 

-2470. 

-3486. 

-3074. 

-2462. 

b34 

-395. 

-54.9 

-47.9 

-37.9 

b43 

1. 

1. 

1. 

1. 

b44 

1. 

1. 

1. 

1. 
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-8.18 

-2427. 

-4910. 

-7044. 

c12 

167.5 

-22032. 

-33060 

-40411. 

c13 
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7000. 

7000. 

7000. 

c14 

1120. 

1133. 

1133. 

1141. 

c19 

3500. 

4550. 

5060. 

5500. 

C21 

167.1 

27481. 

46887. 

61620. 

c22 

-5440. 

0. 

0. 

0. 

c29 

-101200. 

-132000. 

•146100. 

-159000. 

C31 

-55.8 

-8007. 

-14265. 

-19435. 

c32 

1179. 

0. 

0. 

0. 

c34 

7900. 

800. 

800. 

806. 

c39 

23500. 

30600. 
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37000. 

c44 

.3 

.3 

.3  1 

-3 

Figure  6.  Nominal  Matrix  Values  -  Aircraft  Equations 


13 


c r 

f. 


$ 


f 


bl«s 

♦  c14 

1 

C19 

C29 

b34s 
» c34 

c39 

b44s 

♦c44 

s2 

4s 

3 

1 

i2 

+2sg“gs 

+  -G2 

<-K«l+K82> 

-k«ith  s 

i  +  ths 

-Ke 

®T 

1 

-s2 

■ 

62.9285  nd/sec  -  1 

07  K„  “  1 

®2 

20.0  r»d/»*c 

TH  "  1 

0.05  itc 


Aircraft  and  Control  System  Matrix 


14 


SSVd-IM 


I 


Parameter 

Description 

Y  3 

y  (f, 

Y  i 

Y  t 

Yt _ 

Y* 

y«t/20 

NP/10 

N0/1O 

<8X/10 
^2/10 
•^T/IO 
K  t 

%/20 

LS 

Lp/10 

L  i' 

L»/10 

L« 

Li/10 
L*T/20 
P(Y)  g/100 
eT0/lQO 
12/1250  t 
12/12500  t2 
6/1250  t 


u0  =  60  Kts 

u0  =  90  Kts 

d0=120 

1085 

1047 

1729 

9890 

9900 

9930 

0218 

0127 

0083 

3140 

2095 

1720 

0035 

0020 

0013 

0102 

0068 

0056 

0102 

0076 

0068 

1250 

1490 

1660 

3440 

5850 

7720 

0 

0 

0 

1000 

1000 

1000 

1000 

1000 

1000 

0100 

0100 

0100 

3000 

3000 

3000 

8250 

9150 

9950 

8300 

9620 

9999 

3230 

5700 

7800 

0 

0 

0 

1395 

1228 

0985 

0220 

0192 

0152 

0320 

0320 

0322 

6110 

6800 

7400 

1500 

*  1500 

1500 

0100 

0100 
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1920 

1920 

1920 

3840 

3840 

3840 

9600 

9600 

9600 

Y*/10 


Yj/100 


Figure  10.  Analog  Simulation  Potentiometer  Settings 
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Figure  11.  60  Knots  -  Nominal  P 
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Figure  13.  120  Knots  -  Nominal  Perfor 
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The  hover  condition  is  treated  as  a  separate  case  since  the  above 
criteria  do  not  apply.  The  yaw  damper  tends  to  make  the  aircraft  less 
sensitive  to  pedal  inputs,  in  effect  reducing  yaw  rate  control  effective¬ 
ness  by  two-thirds  in  the  short  period.  The  steady-state  yaw  rate 
attained  for  a  given  tail  rotor  input  is  the  same  in  both  cases.  No 
conclusion  can  be  drawn  relative  to  hover  performance  with  the  yaw 
damper  in  the  absence  of  some  form  of  outer  loop  control. 

Digital  root  loci  for  the  four  flight  conditions  are  shown  in  Figures  16 
through  19.  Only  the  significant  loci,  the  dominant  aircraft  and  critical 
gain,  are  shown  in  detail,  although  the  complete  locus  was  obtained  in 
the  digital  program  output.  In  all  cases,  the  hi  -pass  time  constant 
for  the  nominal  case  was  one  second.  The  effect  of  varying  the  hi- 
pass  time  constant  is  shown  in  Figure  18  for  the  90-knot  case. 

Of  particular  significance  is  the  increased  damping  (the  locus  is  on 
the  negative,  real  axis)  for  the  higher  time  constant  at  the  operating 
gain,  and  the  consistency  in  critical  gain  level,  independent  of  the  hi- 
pass  time  constant. 

Further  analog- root  locus  correlation  is  shown  in  the  analog  trace  of 
Figure  20,  which  shows  system  responses  for  various  gains  and  hi- 
pass  time  constants  for  90  knots.  The  trend  of  "frequency"  and  "damp¬ 
ing  of  the  analog  response  (3  trace)  can  be  seen  to  follow  the  predic-  Hi 
tion  of  the  dominant  aircraft  locus  as  shown  in  the  expanded  origin 
portion  of  Figure  18. 


Parametric  Studies 

A  series  of  parametric  studies  was  made  to  determine  the  optimum 
nominal  system  configuration  and  to  evaluate  the  effect  of  off-design 
effects  on  system  performance. 


Total  Loop  Gain  Variation 

The  choice  of  0.  15  deg/deg/sec.  as  nominal  loop  gain  was  determined 
from  the  traces  of  Figures  21,  22,  and  23.  The  criteria  applied  were 
minimization  of  overshoot  in  gust  response,  yet  maintaining  the  fast 
response  of  the  free  aircraft.  The  qualitative  trend  of  these  criteria 
with  loop  gain  is  seen  to  be  as  shown  in  Figure  24. 


Hi-Pass  Time  Constant 

Figures  21,  22  and  23  also  show  variations  in  the  hi  -pass  time  con¬ 
stant.  With  hysteresis  in  the  loop,  time  constants  greater  than  one 
second  give  essentially  the  same  responses.  Without  hysteresis  (see 
Figures  20  and  22),  a  time  constant  of  at  least  3  seconds  is  indicated 
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Figure  19.  Root  Locus  Nominal  (120  Knots) 
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VARIATION  IN  HI-PASS  TIME  CONSTANT  (120  KNOTS) 


Parametric  Study 


R 


OVERSHOOT 


to  give  dead-beat  response.  Because  some  level  of  hysteresis  will 
undoubtedly  be  present,  a  range  of  time  constant  is  recommended 
between  2  and  3.  5  seconds,  with  3  seconds  as  nominal.  It  should  be 
kept  in  mind  that  the  response  of  the  aircraft  to  tail  rotor  inputs  in 
hover  is  dependent  on  the  hi  -pass,  with  short-period  tail  rotor 
effectiveness  decreasing  with  increasing  time  constant. 


Hi- Pass  Mechanization 


Schematically ,  the  hi  -pass  is  mechanized  as  shown  in  Figure  18. 
With  the  gains  and  both  equal  to  unity,  a  pure  hi-pass  re¬ 
sults.  The  general  expression  for  the  hi  -pass  transfer  function  is; 


or 


TTt^ 


ThS 
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-  K, 
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S  + 
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TH  Kd , 


S  + 
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/ 


(2) 


Table  II  shows  the  variations  investigated  as  being  reasonable  mech¬ 
anization  deviations. 


Note  that  the  positive  numerator  results  when  the  lagged  gain  is  great¬ 
er  than  the  straight-through  gain.  Increasing  the  hi-pass  time  con¬ 
stant  reduces  the  magnitude  of  this  right-hand  zero. 

The  analog  traces  of  Figures  25,  2  6,  and  2  7  show  the  system  response 
resulting  from  Kg  and  K@2  variations,  including  more  extreme  de¬ 
viations  than  may  be  expected.  Although  some  difference  is  noted  in 
response,  particularily  in  response  frequency,  no  deterioration  in 
damping  results  from  variations  between  Kg1  and  of  up  to  20  per¬ 
cent. 


Primary  Control  System  Non-Linearities 

Except  where  noted,  all  the  analog  traces  include  a  0.  46-degree  linkage 
backlash  as  shown  in  Figure  4.  The  effect  of  the  backlash  on  tail  rotor 
position  can  be  seen  by  comparing  the  servo  output  (^Tservo^  w*th 
a'  tual  rotor  position  (0^,). 
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Some  difficulties  were  experienced  in  simulating  the  boost  element  non¬ 
linearity  as  shown  in  Figure  4.  A  model  of  the  non-linearity  was 
mechanized  on  the  RE  AC  computer  using  the  analog  simulation  which 
successfully  duplicated  the  non-linearity.  It  was  found  that  for  small 
inputs,  on  the  order  of  one  degree,  at  a  frequency  of  about  one  cycle 
per  second,  the  boost  element  acts  in  a  manner  simila  to  classical 
hysteresis.  Consequently,  the  boost  element  was  simulated  as  a 
hysteresis,  with  a  magnitude  equal  to  that  of  the  linkage  hysteresis. 

The  resulting  effect  on  performance  with  the  two  0.  46-degree  hysteresis 
in  series  is  shown  in  Figure  28. 


CONCLUSIONS 

The  simulated  yaw  damper  configuration  has  been  shown  to  be  strongly 
tolerant  to  a  wide  range  of  mechanization  characteristics  and  control 
system  non-linearities. 

The  degree  of  damping  provided  by  the  proposed  augmentation  is  shown 
to  be  significant,  increasing  the  free  aircraft  damping  ratio  from 
approximately  0.  3  to  at  least  0.  6. 
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CHAPTER  3 


MECHANIZATION  DESIGN 


SUMMARY 


An  all-hydraulic  yaw  rate  damper  mechanization  was  defined  based  on 
the  results  of  the  system  analog  simulation,  and  preliminary  component 
specifications  were  issued.  The  rate  sensor  and  fluid  amplifier  net¬ 
work  requirements  were  reduced  to  hardware  design  drawings  through 
qse  of  a  mathematical  design  procedure  developed  by  Honeywell  prior 
to  this  contract.  A  servoactuator  design  was  generated  by  the  selected 
vendor. 


DISCUSSION 


A  system  mechanization  was  selected  based  on  the  results  of  the  pre¬ 
liminary  system  analysis.  A  schematic  of  the  mechanization  is  shown 
in  Figure  29.  The  damper  consists  of  a  rate  sensor,  preamplifier, 
shaping  (hi-pass)  network,  bias  trim  control,  and  servoactuator.  The 
damper  is  a  closed-conduit  system  in  tha.  all  fluid  amplifier  crossover 
chambers  and  rate  sensor  exhaust  ports  are  connected  to  the  return 
line  of  the  system.  This  type  of  system  can  be  operated  with  the  return 
side  of  the  system  supercharged,  if  desired. 

The  fluid  amplifier  (vented,  proportional,  stream  deflection  -  type  20329) 
used  in  the  system  is  a  design  that  was  conceived  and  reduced 
to  practice  under  a  Honeywell  independent  development  program  prior 
to  this  contract.  The  salient  feature  of  the  amplifier  is  that  the  load 
side  (receiver  ports)  is  isolated  from  the  input  side  (power  and  control 
nozzles)  such  that  power  can  be  delivered  to  the  load  without  affecting 
the  input  side  operating  points.  The  amplifier  performance  can  be  pre- 
iicted  by  mathematical  means  with  a  reasonable  degree  of  accuracy. 

The  shaping  network  consists  of  a  straight-through  amplifier  cascade 
/ith  a  lagged  amplifier  cascade  parallel  in-phase  connected  at  the  input 
nd  parallel  out-of-phase  connected  at  the  output.  Both  cascades  have 
he  same  gain.  The  lagged  cascade  is  a  low-pass  filter  with  the  RC 
ime  constant  being  produced  by  the  hydraulic  resistances  of  the  input 
mplifier  receiver  ports  and  the  output  amplifier  control  ports  in  con- 
mction  with  parallel  connected  hydraulic  capacitors  (metallic  bellows). 

he  shaping  network  cancels  the  effect  of  d-c  input  signals  by  subtrac- 
on  at  the  output  but  permits  the  passage  of  a-c  input  signals  by  atten- 
ating  these  signals  in  the  low-pass  filter  section.  In  this  manner, 
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Figure  29.  Fluid  Schematic  -  Fluid  State  Hydraulic  Damper 


steady-state  command  signals  are  washed  out  and  the  damper  responds 
to  damp  out  external  disturbances. 


SYSTEM  DESIGN  CRITERIA 


As  a  result  of  the  preliminary  system  analysis.,  damper  system  design 
criteria  in  the  form  of  a  technical  development  specification  were 
generated.  The  purpose  of  this  document  was  to  facilitate  the  design 
of  hardware  with  the  specification  serving  to  set  forth  developmental 
design  aims.  The  technical  development  specification  is  presented  in 
Appendix  I. 


RATE  SENSOR  DESIGN 

Starting  with  the  developmental  design  aims  outlined  in  the  technical 
development  specification  (Appendix  I),  an  analytical  investigation  of 
the  important  design  parameters  was  made  using  mathematical  models 
established  prior  to  this  contract.  This  investigation  resulted  in  a 
preliminary  design  layout. 


Rate  Sensor  Operation 


The  vortex  rate  sensor  is  a  pure  fluid  device  that  senses  angular  velo¬ 
city  about  its  input  axis  and  provides  a  fluid  signal  which  is  propor¬ 
tional  to  that  velocity.  There  are  no  moving  parts  within  the  device, 
and  it  employs  a  pattern  of  fluid  flow  to  sense  angular  rotation.  This 
pattern  of  flowing  fluid  is  contained  within  a  cylindrical  chamber  and 
is  made  up  of  two  superimposed  flow  fields:  a  "sink"  flow  field,  as 
shown  in  Figure  30,  where  the  streamlines  are  radial  and  the  flow 
path  is  straight  to  the  center  outlet;  superimposed  upon  that,  a  rate- 
imposed  tangential  flow  with  a  resulting  vortex  pattern  as  shown  in 
Figure  30.  In  the  resulting  superimposed  flow  pattern,  the  stream¬ 
lines  assume  a  logarithmic  spiral  as  they  flow  towards  the  center  out¬ 
let. 

The  logarithmic  spiral  results  because  of  one  of  the  basic  principles  of 
motion:  the  conservation  of  angular  momentum.  This  principle  states 
that  the  total  angular  momentum  of  a  body  about  an  axis  remains  con¬ 
stant  in  the  absence  of  restraining  forces.  As  shown  in  Figure  31,  any 
turning  rate  about  the  input  axis  of  the  vortex  rate  senscr  imparts  a 
tangential  velocity  component  at  the  outer  ring  to  the  already-present 
radial  component. 


The  resulting  angular  momentum  is  conserved  as  the  fluid  is  drawn 
towards  the  center  outlet.  Therefore,  the  component  of  tangential 
velocity  increases  to  a  maximum  at  the  outlet  and  is  proportional  to 

Rq  /Rj.  where: 


i 
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Figure  30.  Vortex  Rate  Sensor  Flow  Fields 
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Figure  31.  Velocity  Components  in  Vortex  Chamber 
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Rq  =  radius  of  the  outer  ring 
Rj  =  radius  of  the  outlet  hole 

The  radial  velocity  component  also  increases  in  proportion  to  the  re¬ 
ciprocal  of  the  radius,  resulting  in  a  constant  angle  ( 8 )  between  the 
final  velocity  vector  and  the  radial  velocity  vector.  A  constant  angle 
is  the  basis  of  a  logarithmic  spiral. 

As  shown,  there  is  an  amplification  of  the  tangential  velocity  component 
of  the  fluid  between  that  imparted  at  the  outer  ring  and  that  at  the  outlet 
hole.  This  inherent  amplification  is  utilized  by  a  pickoff  which  is 
sensitive  only  to  the  tangential  velocity  component. 

The  three  basic  parts  of  the  vortex  rate  sensor  are  the  coupling  ele¬ 
ment,  the  vortex  chamber,  and  the  signal  pickoff.  The  fluid  enters 
through  the  inlet,  disperses  around  an  annular  plenum  chamber,  and 
after  passing  through  the  coupling  element,  flows  towards  and  out  the 
center  outlets.  The  coupling  element  is  made  of  a  porous  material 
and  imparts  any  turning  motion  of  the  case  to  the  fluid  flowing  through 
it.  The  turning  motion  imparted  to  the  fluid  is  amplified  as  it  flows 
inward  towards  the  outlet,  by  "  free-vortex"  action. 

The  major  breakthrough  in  the  development  of  the  vortex  rate  sensor 
was  the  development  of  a  low  noise  pickoff.  The  pickoff  consists  of  a 
thin  blade  extending  across  the  outlet  hole  with  pressure  taps  located 
near  its  leading  edge.  The  pressure  taps  sense  pressure  changes  as 
the  fluid  flow  changes  angle  of  attack  with  input  turning  rates.  In 
the  absence  of  case  rotation,  the  fluid  flow  over  the  pickoff  is  at  zero 
angle  of  attack.  However,  with  input  turning  rates  applied  to  the  case, 
the  stream  flows  over  the  pickoff  at  some  angle  of  attack  proportional 
to  the  helix  angle,  the  flow  angle  in  the  vortex  chamber,  and  the  case 
turning  rate. 


Initial  Design  Tradeoffs 

In  most  rate  sensor  applications,  the  important  performance  char¬ 
acteristics  are  sensitivity,  accuracy,  and  response  time.  Perfor¬ 
mance  with  respect  to  these  characteristics  depends  upon  several 
parameters,  the  most  important  being  the  dimensions  of  the  vertex 
chamber  and  the  flow  rate  through  it.  A  large  vortex  chamber,  a 
small  outlet,  and  a  low  flow  rate  generally  result  in  a  larger  and  more 
stable  vortex  motion.  This  is  conducive  to  a  more  sensitive  and 
accurate  output  signal.  However,  this  also  results  in  a  slow  response, 
for  the  response  time  of  the  vortex  rate  sensor  is  dependent  upon  the 
chamber  volume  and  flow  rate  through  it.  A  sensor  with  a  fast  re¬ 
sponse  requires  a  small  chamber  volume  and  a  fast  flow  rate;  sensi¬ 
tivity  is  sacrificed.  Because  of  these  two  conflicting  requirements,  a 
tradeoff  is  generally  necessary  between  size  and  power  (flow  rate)  to 
obtain  .he  best  compromise  between  accuracy  and  response. 
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The  major  criteria  for  the  initial  design  tradeoffs  for  the  helicopter 
rate  sensor  were  the  following; 

•  Maximum  flow  rate  of  2.  5  GPM  of  MIL-H-5606 

•  Phase  lag  of  90°  at  5  cps  (corresponds  to  a  0.  050-second 
response  time  in  the  sensor) 

•  Impedance  match  sensor  output  with  a  0.  025  x  0.  025  ampli¬ 
fier  orifice 

•  Maximize  scale  factor  and  minimize  threshold 


Based  on  these  guidelines,  the  initial  design  was  generated  from  pre¬ 
viously  developed  mathematical  models . 


The  resulting  vortex  rate  sensor  is  contained  within  a  2.  875-inch  - 
diameter  by  a  2.0-inch-long  cylinder  and  weighs  about  0.75  pound. 
The  voxtex  chamber  is  a  2.0-inch-diameter  cylinder  0.08  inch  in’ 
length.  The  primary  outlet  is  0.  100  inch  in  diameter  and  the 
pickoff  consists  of  a  0.  002-inch-thick  blade  with  two  0.  020  x  0.  040 
pressure  taps.  The  secondary  outlet  is  0.  125  inch  in  diameter.  The 
sensor  was  designed  to  operate  on  2.  5  gallons  per  minute  of  MIL-H- 
5606  hydraulic  oil  at  a  differential  pressure  of  20  pounds  per  square 
inch  at  nominal  conditions.  The  scale  factor  when  driving  the  pre¬ 
amplifier  was  predicted  to  be  approximately  0.003  psid/deg/sec. 


SERVOACTUATOR  DESIGN 

The  servoactuator  design  requirements  as  outlined  in  the  technical 
development  specification  (Appendix  I)  were  forwarded  to  the  selected 
vendor  (Hydraulic  Research  and  Manufacturing  Company).  The  servo¬ 
actuator  supplied  is  a  modification  of  a  unit  employed  for  an  earlier 
directional  augmentation  system  for  the  UH-1B  helicopter.  T  modi¬ 
fication  included  the  conversion  of  the  electrically-operated  torque 
motor  to  a  fluid-operated  force  motor,  and  the  lockout  spring  cen¬ 
tering  feature  of  the  actuator  main  piston  was  replaced  with  a  positive 
pressure-operated  mechanical-locking  device. 


FLUID  AMPLIFIER  NETWORK  DESIGN 

The  fluid  amplifier  network  design  was  accomplished  using  a  mathe¬ 
matical  design  procedure  established  prior  to  this  contract.  Past 
experience  has  shown  reasonable  agreement  between  predicted  results 
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and  actual  results  for  nominal  operating  conditions.  The  mathema¬ 
tical  design  procedure  has  not  been  refined  to  a  ufficient  degree  to 
predict  performance  accurately  during  environmental  conditions  such 
as  substantial  fluid  temperature  variation.  This  is  mainly  due  to  the 
absence  of  sufficient  experimental  data  to  include  these  effects. 

The  design  of  the  fluid  amplifier  network  was  undertaken  with  the 
following  criteria  established  by  the  preliminary  system  analysis 
and  the  technical  development  specification  (  Appendix  I): 

•  Based  on  the  nominal  loop  gain  requirement  of  0. 10  deg/deg/ 
sec  from  the  preliminary  analog  simulation  and  the  anticipated 
rate  sensor  and  servoactuator  gains,  the  fluid  amplifier  cas¬ 
cade  d-c  gain  (shorted  hi-pass)  should  be  25  psi/psi  or 
greater. 

•  The  hi-pass  network  time  constant  should  be  in  the  range  of 
2  to  3  seconds. 

•  Null  static  pressure  at  the  servoactuator  iorce  capsules 
should  be  4  psig  above  return  pressure  to  provide  a  linear 
output  range  of  at  least  double  that  required  at  the  servo¬ 
actuator  Input. 

•  Based  on  previous  experience,  the  amplifier  power  nozzle 
supply  differential  pressure  should  be  10  psid  or  greater  to 
minimize  gain  variations  with  supply  pressure  change. 

•  Past  experience  indicates  that  fluid  amplifier  power  or  con¬ 
trol  nozzle  areas  should  not  be  less  than  6.25  x  10"4  square 
inches  from  a  reliability  standpoint. 

•  Total  network  power  flow  rate  held  to  a  minimum  consistent 
with  reliable  amplifier  performance. 


From  a  configuration  standpoint,  a  modular  type  fluid  amplifier  con¬ 
struction  was  selected  to  facilitate  individual  component  changes,  if 
the  need  arose.  The  rate  sensor  was  also  to  be  manifolded  to  the 
fluid  amplifier  network.  The  bellows -type  fluid  capacitors  were  to  be 
external  to  the  fluid  amplifier  network. 

i 

i 

The  fluid  amplifier  functional  dimensions  governing  gain,  range, 
static  output  pressures,  and  power  flow  rates  were  calculated.  The 
hi-pass  network  fluidic  resistance  and  capacitance  values  to  provide 
the  proper  shaping  were  calculated.  Fluid  amplifier  transport  lags, 
as  well  as  the  additional  system  lag  due  to  dynamic  operation  of  the 
servoactuator  force  capsules  from  a  fluid  amplifier,  were  also  com¬ 
puted. 

■B. 
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TRIM  CONTROL 

The  bias  trim  control  is  basically  a  hydraulic  bridge  circuit  which 
provides  a  differential  output  pressure  in  proportion  to  the  displace¬ 
ment  of  the  input  member. 

Since  the  fluidic  system  is  a  low-impedance  type  of  circuit,  the  design 
of  the  trim  control  must  be  carefully  considered  so  that  its  insertion 
into  the  control  system  will  not  result  in  unwanted  dynamic  effects. 
The  actual  location  of  the  device  in  the  aircraft  with  the  associated 
line  lengths  can  have  a  significant  effect  on  response  rates  and  deter¬ 
mination  of  the  required  hydraulic  resistance  values.  For  these  basic 
reasons,  trim  control  will  be  simulated  by  a  hydraulic  valve  bridge 
circuit,  where  necessary.  The  procurement  of  a  special  trim  control 
will  be  deferred  until  the  system  development  reaches  flight  test 
status. 


CONCLUSIONS 

The  system  components,  as  defined  from  the  Honeywell  fluidic  system 
mathematical  design  procedure,  should  meet  the  system  performance 
as  outlined  in  the  technical  development  specification  (Appendix  I).  It 
is  further  concluded  that  the  major  divergence  between  actual  per¬ 
formance  and  predicted  performance  may  occur  at  environmental  con¬ 
dition  extremes  since  the  precise  effects  of  these  conditions  are,  at 
present,  not  included  in  the  mathematical  design  procedure. 
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CHAPTER  4 


COMPONENT  TEST  RESULTS 


This  section  contains  all  results  from  component  testing  conducted 
during  the  program.  The  components  are  the  rate  sensor,  fluid 
amplifiers  shaping  network,  and  servoactuator  Each  area  of  work 
is  discussed  separately. 


RATE  SENSOR 


SUMMARY 


The  rate  sensor  was  tested  in  its  original  configuration  (not  manifolded 
to  preamplifier)  and  in  the  manifolded  to  the  preamplifier  configuration. 
Test  results  were  in  close  agreement  with  design  goals.  The  transport 
time  measurement  indicates  that  the  sensor  dynamic  response  will  be 
satisfactory  for  system  use. 


DISCUSSION 


Configuration 


A  photograph  of  the  rate  sensor  is  shown  in  Figure  32. 


Test  Results 


The  initial  testing  was  done  on  a  rate  table  setup  using  orifices  to  sim¬ 
ulate  the  anticipated  preamplifier  load?  A  block  diagram  of  the  setup 
is  shown  in  Figure  33.  Due  to  the  rotating  joint  and  plumbing  arrange¬ 
ment,  the  rate  sensor  ambient  pressures  were  significantly  in  excess 
of  those  to  be  encountered  in  the  aircraft.  Since  this  was  the  case,  the 
sensor  was  retested  using  a  tilt  table  which  permitted  a  plumbing 
arrangement  more  nearly  like  that  to  be  encountered  in  the  aircraft. 


Figure  32.  Vortex  Rate  Sensor 
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RATE 

SENSOR 


The  tilt  table  setup  block  diagram  in  shown  in  Figure  34.  Since  the 
rate  sensor  was  manifolded  directly  to  the  preamplifier,  no  connec¬ 
tion  was  available  to  obtain  sensor  pickoff  output  directly.  The  pre¬ 
amplifier  was  tested  with  a  deadhead  load  (AP  transducer)  and  the 
pressure  gain  was  measured.  During  this  test  the  sensor  output  was 
amplified  by  the  preamplifier  and  readout  on  the  differential  pressure 
transducer.  This  output  was  divided  by  the  known  preamplifier  gain 
to  obtain  the  output  at  the  sensor  pickoff  ports.  A  comparison  of  the 
test  results  obtained  from  the  two  test  methods  and  the  pertinent  design 
goals  is  shown  in  Table  III.  It  is  seen  that  in  most  cases  the  measured 
performance  was  in  close  agreement  with  the  design  goals. 

A  plot  of  the  rate  sensor  scale  factor  is  shown  in  Figure  35. 


CONCLUSIONS 


The  rate  sensor  measured  performance  was  in  close  agreement  with 
the  design  goals.  The  transport  time  measurement  indicates  that  the 
sensor  dynamic  response  is  satisfactory  for  system  use. 


FLUID  AMPLIFIERS 


SUMMARY 

The  fluid  amplifiers  fabricated  in  accordance  with  the  design  criteria 
generated  during  the  preliminary  design  phase  were  tested  as  indivi¬ 
dual  devices  and  as  cascades.  Test  results  were  in  close  agreement 
with  design  goals.  Test  results  also  verified  that  the  mathematical 
design  procedure  was  valid  for  preliminary  design  purposes.  "Built- 
in"  null  bias  was  found  to  be  a  problem  area  which  was  considered 
to  be  a  function  of  the  manufacturing  process. 

The  fluid  amplifiers  were  considered  satisfactory  for  use  in  the  sys¬ 
tem. 

DISCUSSION 
Design  and  Fabrication 


Fluid  amplifier  cascades  were  fabricated  from  aluminum  alloy  blocks 
with  power  nozzle,  control  nozzle  and  receiver  port  configuration  being 
cut  with  an  engraving  machine.  lOx  size  metal  templates  of  the  required 
detail  configurations  were  used.  This  method  permitted  fabrication  of 
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TABLE  III 

RATE  SENSOR  TEST  RESULTS  TABULATION 

Parameter 

Design  Goal 

Rate  Table  Test  - 
Simulated  Load 

Tilt  Table  Test  - 
Preamp.  Load 

Scale  factor 
at  2  gpm  pick- 
off  sink  flow 
rate 

£,  0.  003  psi/*/sec 

0.  0053  psl/*/sec  with 

0.  0225  dia  orifices 

0.00318  psi/*/sec  with 

0.  0250  square  nozzles 

0.  0375  long 

Linearitv 

5  if  of  full  scale 

4.  74  of  full  scale 

6.  lif  of  full  scale 
(Includes  preamp.  ) 

Range 

t60*/sec 

1 60*/ser 

i42.5*/sec  (maximum 
rate  of  tilt  table) 

Transport  time 
at  2  gpm  plckoff 
sink  flow  rate 

50  milliseconds 

Not  measured 

37.  5  50  milliseconds 

Noise 

Not  specified  - 
design  aim  was 

0.  10*/sec 

~  0.  5  to  0.  8*/sec 

~  0.  9*/sec  (includes 
preamp) 

Supply  pressure 
differential  for 

2  gpm  flow 

20  psi 

35  psi 

29  psi 

Null  shift  with 
supply  pressure 
differential 

0.  6*/sec/psi 

-  0.  50*/sec/psi 

~  0.  40*/sec/psi 

Difficult  to  mtliurt  precisely  due  to  non-linearities  in  tilt  table  linkage  and  differential 
preeeure  transducer  dynamics. 
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developmental  amplifier  pairs  identical  in  detail  except  for  machine 
variables  and  cutting  tool  flexure  variations.  Based  on  an  evaluation 
of  test  results  on  the  amplifiers  made  to  date,  the  only  significant 
variable  has  been  "null  bias"  as  a  percent  of  full  signal.  This  varia¬ 
tion  was  attributed  to  cutting  tool  flexure  when  the  initial  cut  was  made 
to  form  the  splitter  and  receiver  detail.  Since  the  probability  of  cut¬ 
ting  tool  flexure  is  related  to  the  tool  size,  the  excessive  "built-in" 
null  bias  has  been  encountered  primarily  in  the  smallest  size  ampli¬ 
fiers  (preamplifier  and  shaping  input  amplifier).  Although  excessive 
"built-in"  null  bias  can  be  taken  out  by  injecting  bias  adjust  signals, 
it  is  felt  that  bias  adjust  signal  should  be  held  to  one  signal  injection 
point  for  a  three -stage  cascade.  In  general,  the  amplifier  fabrica¬ 
tion  technique  has  been  quite  successful,  insofar  as  development  hard¬ 
ware  is  concerned.  Manufacturability  studies  could  result  in  tech¬ 
niques  to  minimize  "built-in"  null  bias. 


Test  Results 

The  fluid  amplifier  steady-state  gain  tests  were  conducted  on  the  fluid 
amplifiers  connected  in  cascade  in  order  to  have  each  component 
loaded  properly.  The  differential  pressure  input  to  the  cascade  was 
varied  and  the  differential  pressure  output  was  measured  at  the  various 
stages.  Figure  36  shows  a  schematic  of  the  test  setup. 

All  fluid  amplifiers  were  operated  with  11.4  psig  supply  pressure, 
with  all  crossover  chamber  return  lines  tied  together  and  exhausting 
to  atmosphere.  The  fluid  temperature  was  100°F  ±10°F. 

Table  IV  shows  a  tabulation  of  amplifier  measured  performance  as 
compared  to  the  design  goals.  It  is  seen  that  the  measured  results 
generally  met  or  exceeded  the  design  goals.  Figures  37,  38,  39,  40, 
and  41  are  point-to-point  plots  showing  amplifier  performance. 

A  second  set  of  shaping  input  amplifier  blocks  was  fabricated  to  see  if 
the  difference  in  null  bias  could  be  eliminated.  These  amplifiers 
were  tested  in  a  cascade,  and  it  was  concluded  that  their  gain  was  the 
same  as  the  other  shaping  input  amplifiers.  It  was  also  concluded 
from  the  cascade  gain  plots  that  both  amplifiers  had  their  "built-in" 
null  bias  in  the  same  direction  and  that  they  were  approximately  5  per¬ 
cent  to  7  percent  of  full  signal.  This  larger  than  expected  null  bias 
was  attributed  to  the  tool  flexure  situation  previously  discussed. 

Figures  42  and  43  show  point-to-point  plots  of  the  cascade  performance. 
The  difference  in  null  bias  of  the  cascades  may  have  to  be  adjusted 
out  with  an  external  signal  when  used  in  the  damper  system. 
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TABLE  IV 

AMPLIFIER  TEST  RESULTS  TABULATION 

Amplifier  Stage 

Parameter 

Design  Goal 

Measured  Result 

Preamplifier 

(Ps  -11.4  psig) 

Gain 

Linear  Range 

Saturation 

Null  Bias 

2  2.  18  psi/psi 

tO.  030  psid 

2  2.  50  psid 

£  50  of  full  output 

2.  35  psi/psi 
:*;°psid 
+  2;2p8,d 

2 0  of  full  output 

Shaping  Input  Amplifier  No.  1 
<Pg  «  11.4  psig) 

Gain 

Linear  Range 

Saturation 

Null  Bias 

A  2.  00  psi/psi 

1  0.  50  psid 

ft  2.  50  psid 

£  50  of  full  output 

2.  35  psi/psi 

i  2.  0  psid 

+  3.  0  .  . 

-  2.  8  p8id 

100  of  full  output 

Shaping  Input  Amplifier  No.  2 

(Pg  •  11.4  psig) 

Gain 

Linear  Range 

Saturation 

Null  Bias 

2  2.  00  psi/psi 

t  0.  50  psid 

ft  2.  50  psid 

£  50  of  full  output 

2.  35  psi/psi 

+  2.0  .  . 

-1.5  p8id 

+  2.7  .. 

-  3.0p8,d 

20  of  full  output 

Shaping  Output  Amplifier  No.  1 

(Pa  ■  11.4  psig) 

Gain 

Linear  Range 

Saturation 

Null  Bias 

ft  B.  25  psi/psi 

t  2.0  psid 

1  7  psid 

£  50  of  full  output 

8. 2  psi/psi 

!  5  p8ld 

00  of  full  output 

Shaping  Output  Ampllfle  r  No.  2 

(Pg  •  11.4  psig) 

Gain 

Linear  Range 

Saturation 

Null  Bias 

ft  8.  psi/psi 

t  2.0  psid 

±  7  psid 

£  5 0  of  full  output 

8. 2  psi/psi 

t  8  P8id 

1 8:Ip*ld 

1.  50  of  full  output 
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Figure  37.  Preamplifier  Driving  Shaping  Input  Amplifiers 
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OPERATING  RANGE 


P$=  11.4  PSIG 
MIL-H-5606  FLUID 
ACTUAL  GAIN  -  2.35 
PREDICTED  GAIN -2.02 


A  PQUT (PSD 


A  P|N<PSI> 


Figure  38.  Shaping  Input  Amplifier  No.  1  Driving  Shaping 
Output  Amplifier  No.  1 
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Ps=  11.4  PSIG 
MIL-H-5606  FLUID 
ACTUAL  GAIN  ~  8.2 
PREDICTED  GAIN  ~  8.25 


-4 
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Figure  41.  Shaping  Output  Amplifier  No.  2  (Deadhead  Load) 
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Figure  42.  Straight  Cascade  (Includes  Preamp) 


Figure  43.  Lag  Cascade  Gain  (Includes  Preamp) 
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CONCLUSIONS 


The  amplifier  s'eady-state  performance  when  compared  to  the  design 
goals  shows  that  the  amplifiers  are  satisfactory  to  be  used  as  compo¬ 
nents  in  the  damper  system  for  purposes  of  system  feasibility  demon¬ 
stration. 


SHAPING  NETWORK 


SUMMARY 


The  test  results  on  the  shaping  network  show  that  its  performance  is  in 
reasonable  agreement  with  the  design  goals  as  defined  by  the  analog 
simulation. 

Although  some  difficulty  with  instrumentation  was  encountered  in  ob¬ 
taining  sinusoidal  response  results,  the  data  obtained  was  considered 
valid. 

There  is  a  gain  reduction  between  the  d-c  gain  (shorted  hi-pass,  dead¬ 
head  load)  and  the  dynamic  gain  (hi-pass  system)  due  to  output  amp¬ 
lifiers  loading  themselves  during  hi-pass  network  dynamic  operation. 
This  effect  was  not  predicted  in  the  hardware  design  method. 

The  shaping  network  is  considered  satisfactory  for  use  in  the  system. 
The  dynamic  gain  of  the  shaping  network  is  adequate  for  system  proof 
of  feasibility  purposes. 


Shaping  Network  Test  Setup 

Figure  44  shows  the  schematic'  of  the  shaping  network  test  setup.  An 
open-center  electrohydraulic  servovalve  was  used  to  vary  the  input 
control  pressure  sinusoidally  or  as  step  inputs.  Both  APjn  and  APout 
were  measured  with  differential  pressure  transducers.  For  this 
testing,  the  ground  side  of  the  bellows  capacitors  was  open  to  atmos¬ 
phere  since  the  network  return  pressure  (Vm)  was  low  enough  so  as  to 
not  impair  the  bellows  operation.  The  preamplifier  was  connected  to 
the  shaping  network  for  all  tests,  since  it  was  convenient  to  do  so. 

All  input  signals  were  supplied  to  the  preamplifier.  For  the  purposes 
of  the  following  discussions,  the  term  "shaping  network"  is  taken  to 
include  the  preamplifier. 
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Dynamic  Performance  Test  Results 


Sinusoidal  and  transient  response  to  step  input  tests  were  conducted 
on  the  shaping  network  to  verify  that  the  network  had  the  general  func¬ 
tional  characteristics  essential  for  application  to  the  control  system. 
The  sinusoidal  frequency  response  tests  were  rather  difficult  to  con¬ 
duct  and  the  results  were  difficult  to  interpret,  particularly  at  condi¬ 
tions  of  attenuated  output  amplitude.  The  major  difficulties  were  in 
programming  pure  sine  wave  inputs,  noise  pickup  due  to  vibration  of 
the  signal  transducers,  low  level  pressure  signals  required,  and  the 
effects  of  air  trapped  in  the  pressure  transducers. 

The  presence  of  trapped  air  in  the  output  transducer  is  particularily 
important  since  the  presence  of  the  transducer  presents  an  RC  circuit 
load  to  the  output  fluid  amplifier  during  dynamic  operation.  The 
measured  frequency  response  of  the  system  or  device  will  be  modified 
by  this  circuit  time  constant  unless  it  is  sufficiently  small  to  be  ignored 
over  the  frequency  spectrum  of  interest.  However,  in  most  cases 
the  data  up  through  5  cps  (which  exceeds  the  frequency  spectrum  of 
the  UH-1B  yaw  damper)  is  within  the  reading  capability  of  our  present 
instrumentation. 

Transient  responses  to  step  inputs  are  generally  easier  to  program 
and  may  not  be  as  adversely  affected  by  the  previously  described 
testing  limitations.  Transient  response  tests  were  made  to  verify 
function  and  to  cross  check  sinusoidal  response  results,  insofar  as 
possible. 

Since  the  shaping  network  time  constant  is  determined  by  the  low-pass 
filter  section  of  the  network,  a  sinusoidal  response  test  was  made  on 
this  section.  Figure  4  5  shows  the  results  of  this  test.  It  is  seen  that 
the  break  frequency  is  about  0.068  cps,  indicating  a  time  constant  of 
about  2.  4  seconds.  The  amplitude  fall -off  is  about  -20  db  per  decade 
indicating  that  the  filter  is  a  reasonable  approximation  of  the  desired 
first  order  lag.  Since  the  analog  simulation  indicated  that  a  time 
constant  ranging  from  2.  0  seconds  to  3.  5  seconds  would  be  satisfac¬ 
tory,  the  2.  ^second  time  constant  of  the  low-pass  filter  is  considered 
to  be  in  compliance  with  the  design  goal. 

A  sinusoidal  response  test  was  conducted  on  the  complete  shaping  net¬ 
work  (connected  per  note  3,  Figure  44).  The  resulting  amplitude 
response  compared  to  the  design  goal  is  shown  on  Figure  4  6.  Difficul¬ 
ty  was  encountered  in  programming  input  sine  waves  with  minimal 
distortion.  Also,  due  to  the  attenuation  cnaracteristic  of  the  shaping 
network,  it  was  difficult  to  read  precisely  peak  amplitudes.  The  phase 
could  not  be  determined  precisely  due  to  small  amplitude  outputs  at 
the  low  frequencies  and,  therefore,  was  not  shown  on  Figure  46. 
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It  could  be  seen,  however,  that  substantial  phase  advance  was  occur 
ring  at  the  low  frequencies.  The  measured  amplitude  response  curve 
would  indicate  that  the  time  constant  was  somewhat  greater  than  2.  4 
seconds.  There  may  have  been  some  trapped  air  in  the  bellows  capaci¬ 
tors  during  the  test  which  could  result  in  a  lengthened  time  constant. 

The  small  attenuation  of  the  measured  response  in  the  5  cps  to  10  cps 
region  is  believed  to  be  due  to  the  dynamic  RC  circuit  load  on  the  output 
amplifiers  produced  by  the  presence  of  the  pressure  transducer,  as 
was  discussed  previously.  It  is  also  noted  that  the  dynamic  gain  was 
28  psi/psi,  while  the  static  gain  of  the  cascades  was  about  43.  The 
gain  difference  is  due  to  the  output  amplifiers  loading  each  other  dur¬ 
ing  dynamic  operation.  This  situation  is  not  readily  calculable  and, 
therefore,  was  not  included  in  the  amplifier  design  process. 

Figure  47  shows  a  transient  response  to  a  step  input.  It  can  be  seen 
that  the  time  constant  is  about  2.  5  seconds,  which  confirms  the  low- 
pass  filter  response  results. 


Transfer  Function 

The  shaping  network  transfer  function  considered  as  the  design  goal 
from  the  analog  simulation  is  expressed  as  follows: 


K, 


1  - 


K, 


l*THs 


1  +  ths 


where 


K, 


0.  9  < 


K, 


<  1.  1 


2  <  TH  <  3.  5 


Considering  the  fluid  shaping  network  as  an  equivalent  electrical  cir¬ 
cuit,  the  open  circuit  gains  of  the  two  cascades  are 


Kfl  =  45  (straight -thru  cascade) 


K„  *.■  43  (lag  cascade) ; 
d2 
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Figure  47.  Transient  Response  -  Shaping  Network  (Includes  Preamp) 


therefore, 


Kfl 

_ fL  s  s  o  955 

K  45 

el 

From  the  low-pass  filter  dynamic  response  (Figure  45) 


Tjj  ~2.  4  seconds 

Since  the  ratio  of  Kg,  to  Kgg  and  T,.  is  within  the  limits  of  the  design 
goal,  as  prescribed  By  the  analog  simulation,  the  shaping  network  is 
considered  to  have  met  the  design  goal  objective. 


CONCLUSIONS 

The  sinusoidal  and  transient  response  results  show  that  the  shaping 
network  has  the  hi-pass  network  characteristics  necessary  for  use 
in  the  control  system.  The  network  output  attenuation  at  the  low  fre¬ 
quencies  should  effectively  wash  out  the  effects  of  pilot -commanded 
yaw  ratio  on  the  damper  during  steady-state  maneuvers. 


SERVOACTUATOR 


SUMMARY 

The  servoactuator  (HRM  Part  No.  85111200)  met  the  design  objectives 
of  the  technical  development  specification  (Appendix  I)  and  is  considered 
satisfactory  for  use  in  the  damper  system. 


DISCUSSION 


The  servoactuator  was  tested  by  the  vendor  at  the  vendor's  facility. 
These  test  results  are  listed  below  and  are  shown  in  Figures  48  and 
49.  The  servoactuator  dynamic  response  characteristics  are  shown 
in  Figures  50  and  51 .  It  should  be  noted  that  the  input  referred  to 
as  "pneumatic"  was  actually  hydraulic.  To  facilitate  testing, the  force 
capsules  and  connecting  tubing  were  filled  with  hydraulic  fluid  and 
then  air  pressure  was  applied  to  the  hydraulic  fill  in  order  to  produce 
the  input  differential  pressure. 
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Figure  48.  Actuator  Displacement  Versus  Pneumatic 
Input  (S/N  0.001) 
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Figure  50.  Amplitude  Ratio  and  Phase  Lag  of  Closed  Loop 
Position  with  Respect  to  Input  Signal 


TEST  DATA  FOR  85111200  SERVOACTUATOR 

Ser.  No.  001 


Null  reference  position  of  the  servoactuator  is  the  center-locked 
position  with  pressure  off. 


I  roof  Pressure:  4500  psi  supply,  return  1000  psi 

Gain:  See  Figure  4  8 

Threshold: 

Positional  deadband  following  small  input  signals  of 
opposite  polarity. 

Hysteresis:  Position  loop  width  based  on  full  signal 
swing 

Centering:  With  4-psi  balanced  input  pressures 
actuator  position  with  respect  to 
center-locked  position 

Null  shift  with  change  in  supply  pressure 

-  from  1000  to  1500  psi 

-  from  1000  to  500  psi 

Unlock  pressure  with  rising  supply  pressure: 
Locking  pressure  with  decreasing  supply  pressure: 
Lock  piston  starting  to  engage 
Completion  of  locking 


Results 

OK 

0.  190  ir\/psi 
0.  35? 

000 

0.  012  in. 

0.  003  in. 

0.  003  in. 

0.  007  in. 

660  psi 

480  psi 
150  psi 


TEST  DATA  FOR  85111200  SERVOACTUATOR 

Ser.  No.  002 


Null  reference  position  of  the  servoactuator  is  the  center-locked 
position  with  pressure  off. 

Results 


Proof  Pressure:  4500  psi  supply,  return  1000  psi 

OK 

Gain:  See  Figure  49 

0.  185  in.  /psi 

Threshold: 

0. 

Positional  deadband  following  small  input  signals  of 
opposite  polarity 

000 

Hysteresis:  Position  loop  width  based  on  full  signal 
swing 

0.  008  in. 

Centering:  With  4-psi  balanced  input  pressures  actuator 

position  with  respect  to  center-locked  position  0.003  in. 

Null  shift  with  change  in  supply  pressure 

-  from  1000  to  1500  psi 

+  0. 002  in. 

-  from  1000  to  500  psi 

-  0.  005  in. 

Unlock  pressure  with  rising  supply  pressure: 

575  psi 

Locking  pressure  with  decreasing  supply  pressure: 

Lock  piston  starting  to  engage 

325  psi 

Completion  of  locking 

250  psi 

Dynamic  Response:  See  Figure  50 
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Figure  52  shows  an  x-y  plot  of  the  servoactuator  gain  with  a  st<  idy- 
state  commanded  input  differential  pressure.  This  test  was  conducted 
at  Honeywell  to  cross  check  HRM's  test  results. 


CONCLUSION 

The  servoactuator  performance  is  in  compliance  with  the  design  goals. 


CHAPTER  5 


SYSTEM  TEST  RESULTS 


This  section  contains  the  results  of  all  yaw  damper  system  testing 
conducted  during  the  program.  This  work  is  divided  into  three  major 
areas:  open-loop  testing,  closed-loop  testing,  and  environmental 
testing.  All  test  work  was  conducted  in  accordance  with  the  pro¬ 
cedures  outlined  in  the  document  "System  Test  Requirements" 
shown  in  Appendix  H  insofar  as  possible.  Each  area  of  work  is  pre¬ 
sented  and  discussed  separately. 


OPEN-LOOP  TESTING 


SUMMARY 

A  rate  sensor  and  system  operating  point  different  from  that  used 
during  component  testing  was  selected  on  the  basis  of  reduced  system 
noise  in  the  form  of  actuator  jitter.  Reduction  in  system  loop  gain 
was  the  tradeoff  for  reduced  system  noise.  Dynamic  response  tests 
show  that  the  system  using  hi-pass  yaw  rate  is  feasible  and  should 
provide  a  significant  increase  in  aircraft  damping.  Fluid  tempera¬ 
ture  effects  are  limiting  the  present  system  operating  range, but  this 
can  be  improved  by  shifting  the  location  of  the  hi-pass  network  to  hi- 
pass  directly  out  of  the  rate  sensor.  Additional  experimental  work 
on  the  rate  sensor  and  fluid  amplifiers  is  recommended  in  order  to 
include  fluid  temperature  effects  in  the  mechanization  design  pro¬ 
cedure.  as  well  as  to  reduce  sensor  null  shifts  due  to  fluid  temperature 
changes. 


DISCUSSION 


The  open-loop  testing  was  conducted  using  a  tilt  table  to  apply  angular 
rates  to  the  system.  Sinusoidal  varying  angular  rates  and  step  input 
angular  rate  signals  were  applied  to  the  tilt  table  servo  by  a  function 
generator.  Table  angular  rates  were  sensed  and  read  out  from  a  rate 
gyro  mounted  on  the  table.  System  performance  in  the  form  of  servo- 
actuator  motion  was  read  out  from  a  potentiometer  actuated  by  move¬ 
ment  of  the  servoactuator  piston  rod.  Figure  53  shows  a  schematic  of 
the  setup.  Figures  54,  55,  and  56  are  photographs  showing  the  yaw 
damper  system  and  tilt  table  apparatus. 
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Figure  54.  Damper  on  Tilt  Table 
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Figure  55.  System  on  Tilt  Table 
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Figure  56.  Tilt  Table 
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Rate  Sensor  and  System  Operating  Point  Tests 


The  initial  system  operating  condition  was  using  2.  5  gpm  rate  sensor 
flow  input  with  2. 0  gpm  passing  through  the  pickoff  sink.  The  fluid 
amplifier  network  used  a  10  psid  supply  pressure.  It  was  found  that 
considerable  output  noise  in  the  form  of  actuator  jitter  resulted.  The 
actuator  jitter  would  increase  with  fluid  temperature  and  eventually 
the  rate  sensor  pickoff  sink  flow  would  change  from  laminar  to  turbu¬ 
lent.  At  this  condition,  servoactuator  jitter  was  very  violent.  It 
appeared  that  the  fluid  noise  spectrum  contained  a  3  to  7  cps  random 
modulation  of  the  high  frequency  "hash".  Since  the  system  passband 
extends  to  10  cps,  the  3  to  7  cps  modulation  shows  up  as  noise.  To 
prevent  the  sensor  pickoff  sink  flow  from  becoming  turbulent,  it  was 
decided  to  reduce  the  pickoff  sink  flow  rate.  The  results  of  this  ini¬ 
tial  investigation  are  shown  in  Table  V. 


TABLE  V 

SYSTEM  OUTPUT  NOISE 

Sensor  Pickoff 
Sensor  Flow  Rate 

Fluid  Temperature 
Range 

Actuator  Jitter- 
Equiv.  Deg.  of  Tail 
Rotor  Deflection 

2.0  • 

100°F  -  1 158  F 

±0.109 

2.  0  < 

1 50°  F  -  152°F 

±0.215 

2.  0  gpm 

158°  F 

±0,  91* 

1 . 5  gpm 

82°  F  -  89°  F 

±0.053 

*Sink  flow  became  turbulent  due  to  fluid  viscosity. 


The  system  operating  point  investigation  was  continued.  To  obtain  the 
best  rate  sensor  and  system  operating  point  from  a  "noise"  standpoint, 
the  rate  sensor  pickoff  sink  flow  was  reduced  from  2. 0  gpm  to  0.  95 
gpm  and  the  fluid  amplifier  network  power  nozzle  differential  was  re¬ 
duced  from  10  psid  to  5  psid.  Although  a  reduction  in  system  loop 
gain  and  range  was  the  tradeoff,  a  reduction  in  system  noise  was  con¬ 
sidered  to  be  mandatory.  Table  VI  shows  the  resulting  system  noise 
with  the  new  operating  point. 


TABLE  VI 

SYSTEM  OUTPUT  NOISE 

Sensor  Pickoff 
Sink  Flow  Rate 

Fluid  Temperature 

Actuator  Jitter  - 
Equiv.  Deg.  of  Tail 
Rotor  Deflection 

0. 85  gpm 

75°  F 

±0.0265 

0.  95  gpm 

1 20°  F 

±0.083 

0.  95  gpm 

1 75°  F 

±0. 165 

NOTE:  75°  F  to  175°F  oil  temperature  range  was  limit  of  test 
hydraulic  power  source  equipment. 


Figure  57  shows  recordings  of  the  original  output  noise  condition 
and  the  output  noise  conditions  with  the  revised  system  operating 
point. 


Fluid  Amplifier  Cascade  Gain 

Since  the  fluid  amplifier  network  power  supply  pressure  differentials 
were  reduced  below  the  minimum  recommended  values,  the  p.rJti  ;’fid 
range  were  rechecked.  Figures  58  and  59  show  these  results  at  a 
fluid  temperature  of  85° F.  Comparing  these  results  to  Figures  42 
and  4  3,  it  is  seen  that  the  gain  has  been  reduced  from  43  to  24  and 
the  range  from  7  psid  to  2.  5  psid.  Additional  gain  checks  at  several 
operating  conditions  were  made  on  the  straight-through  cascade  to 
obtain  a  feel  for  the  possible  effect  on  network  dynamic  loop  gain. 
These  results  are  shown  in  Table  VII. 


TABLE  VII 

STRAIGHT-THROUGH  CASCADE  GAIN  TABULATION 

Gain 

Supply  Pressure 
Differential 

Fluid  Temperature 

44 

11.4 

107°  F 

44 

10 

90°  F 

44 

15 

90°  F 

52 

10 

120°F 

37 

7 

120°  F 

34 

5 

120°  F 

24 

5 

85°  F 

a.  Original 


PICK-OFF  SINK  FLOW  =  2.0  GPM 
AMPL.  SUPPLY  PRESSURE  =  10  PSID 
OIL  TEMPERATURE  =  1588F 


b.  Revised 


PICK-OFF  SINK  FLOW  =  0.95  GPM 
AMPL.  SUPPLY  PRESSURE  =  5  PSID 
OIL  TEMPERATURE  =  175°F 


Figure  57.  Output  (Noise) 
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STRAIGHT  CASCADE  GAIN 

P  =  13PSI  PK  =  8  PSI 
a  o 

tf=85*F  GAIN  =24 
5-18-66 


Pa  =  CASCADE  POWER  NOZZLE 
a  SUPPLY  PRESSURE 

Pk  =  CASCADE  RETURN  LINE 
6  PRESSURE 


Figure  58.  Straight  Cascade  Gain 


iWifci*.; 


* 

It  was  concluded  that  the  reduced  cascade  supply  pressure  would  re¬ 
sult  in  greater  loop  gain  variations  with  fluid  temperature  change  than 
would  occur  at  the  minimum  recommended  supply  differential  pres¬ 
sure  (10  psid).  It  was  also  concluded  that  the  effective  range  of  the 
hi-pass  would  be  reduced  since  less  rate  sensor  temperature  null 
shift  could  be  cancelled  out  before  using  up  the  reduced  range  of  the 
output  amplifiers.  This  would  be  particularly  true  at  the  higher 
dynaipic  rate  input  signals. 

Shorted  Hi-Pass  System  Tests 

Steady-State  Gain 

With  the  revised  system  operating  point  selected,  system  testing  re¬ 
sumed.  Figure  60  shows  a  schematic  of  the  yaw  damper  system  in 
the  "as  tested"  condition.  It  should  be  noted  that  the  output  ports  of 
the  lagged  cascade  are  blocked  for  the  shorted  hi-pass  system  con¬ 
figuration.  This  is  necessary  since  the  system  d-c  gain  can  be  ob¬ 
tained  only  if  the  signal  subtraction  connections  are  removed. 

The  steady-state  gain  was  determined  by  programming  plus  and  minus 
short-duration  steady-state  rate  inputs  into  the  tilt  table.  The  inputs 
were  of  sufficient  duration  to  allow  the  servoactuator  to  achieve  a 
steady-state  position. 

Figures  61,  62,  and  63  show  point-to-point  plots  of  these  results  for 
three  fluid  temperature  conditions.  The  steady-state  gain  test  results 
as  compared  to  design  goals  are  shown  in  Table  VIII. 


TABLE  VIII 

STEADY -STATE  GAIN  RESULTS  TABULATION 

Param  eter 

Design  Goal 

Measured  Result 

Gain 

0. 15  ±  0.03  deg 
rotor /deg/ sec 

0, 10  at  75°  F  fluid  temp. 

0. 199  at  120°F  fluid  temp. 
0.218  at  1 75°  F  fluid  temp. 

Linearity 

20  percent 

6.  2#  at  75° F  fluid  temp. 

7.  7#  at  1 20°  F  fluid  temp. 

7,  7$  at  1 75°  F  fluid  temp. 

Range 

±16. 7  deg/sec 
(nominal) 

±39  deg/sec  (calculated 
since  ±20  deg/sec  step  rate 
was  maximum  used  on  tilt 
table)  at  75° F  fluid  temp. 

±12.  5  deg/sec  at  120°F 
fluid  temp. 

±10  deg/sec  at  175°F 
fluid  temp. 

108 


SHORTED  HI-PASS  SYSTEM  GAIN 
tf  =  75»F  Pb=8PSI 

Pa=13PSI  Ps=28PSI 

Qb  =  0.90  GPM  Qt=2.45GPM 

NULL  NOISE  =  0.008  IN.  DA. 

*  0.0265  DEG. 


Pc  =  RATE  SENSOR  SUPPLY 
s  PRESSURE 

P,  =  CASCADE  POWER  NOZZLE 
a  SUPPLY  PRESSURE 

Pb  =  CASCADE  RETURN  LINE 
PRESSURE 

Q.  =  RATE  SENSOR  PICKOFF 
b  SINK  FLOW  RATE 

Q,  =  RATE  SENSOR  INPUT 
1  FLOW  RATE 


Figure  61.  Shorted  Hi-Pass  System  Gain 
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SHORTED  HI-PASS  SYSTEM  GAIN 
tf=120“F  Pb  -  8  PSI 

P  =  13  PSI  P  =  23  PSI 

3  S 

Qb=  0.95  GPM  Qt=  2.45  GPM 

NULL  NOISE  =  0.025  IN.  D.A. 

*  0.083  DEG. 


Pc  =  RATE  SENSOR  SUPPLY 
s  PRESSURE 

P,  =  CASCADE  POWER  NOZZLE 
a  SUPPLY  PRESSURE 

Pb  =  CASCADE  RETURN  LINE 
PRESSURE 

Q.  =  RATE  SENSOR  PICKOFF 
°  SINK  FLOW  RATE 

Q.  =  RATE  SENSOR  INPUT 
1  FLOW  RATE 


Figure  62.  Shorted  Hi-Pass  System  Gain 
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SHORTED  HI-PASS  SYSTEM  GAIN 

tf=175*F  Pb=8PSI 

Pa=13PSI  Ps=5.1PSI 

Qb  =  0.95  GPM  Qt=2.45GPM 

NULL  NOISE  =  0.050  IN.  D.A. 

±  0.165  DEG. 


P  =  CASCADE  POWER  NOZZLE 
a  SUPPLY  PRESSURE 

Pb  =  CASCADE  RETURN  LINE 
PRESSURE 

Q.  =  RATE  SENSOR  INPUT 
D  SINK  FLOW  RATE 

Q,  =  RATE  SENSOR  INPUT 
1  FLOW  RATE 


D.  A.  =  DOUBLE  AMPLITUDE 

EXTEND 


Figure  63.  Shorted  Hi-Pass  System  Gain 
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Dynamic  Response 

Frequency  response  tests  were  made  on  the  system  in  the  "shorted  hi- 
passv  configuration  to  determine  the  effect,  if  any,  of  reduced  pickoff 
sink  flow  rate  on  dynamic  response.  For  these  tests  a  sinusoidal 
input  was  programmed  into  the  tilt  table  from  the  function  generator. 
The  results  of  these  tests  are  shown  in  Figure  64.  It  should  be  noted 
that  system  loop  gain  is  expressed  m  d1  for  convenience.  The  test 
input  signal  was  ±2°/sec.  Rates  up  to  sec  were  also  applied  in 

the  frequency  spectrum  of  1.0  cps  to  lu  ps  to  cross  check  the  ±2°/sec 
results.  Good  correlation  was  observed. 


It  is  interesting  to  note  that  if' t he  servoactuator  phase  from  Figure  50 
is  subtracted  from  the  phise  results  in  Figure  64  at  5  cps,  it  is  seen 
that  the  sensor  contributes  about  100  to  110  degrees  of  phase  shift. 

The  theoretical  design  of  the  rate  sensor  indicated  90  degrees  of  phase 
shift  at  5  cps.  This  is  <  onsidered  to  be  satisfactory  correlation 
between  predicted  and  actual  results.  It  also  indicates  that  the  esti¬ 
mated  rate  sensor  transfer  function  for  the  analysis  work  was  correct. 

A  tabulation  of  measured  loop  gain  compared  to  design  goal  is  shown 
in  Table  IX. 


TABLE  IX  ! 

SHORTED  HI-PASS  SYSTEM  LOOP  GAIN 

Design  Goal 

Measured  Result 

Fluid  Temperature 
(°F) 

-16  +l,0r  db 

-1.5 

-  2D  db 

75 

-  14  db 

120 

-  1 3  db 

17  5 

Null  Shift  With  Fluid  Temperature  Change 

The  system  null  shift  was  checked  in  the  shorted  hi-pass  configuration. 
It  was  observed  that  negligible  null  shift  would  occur  during  a  test 
period  of  several  hours  as  long  as  the  fluid  temperature  was  stabilized. 
Whenever  the  fluid  temperature  was  changed  several  degrees,  the  sys¬ 
tem  null  changed.  Figure  65  illustrates  this  effect  over  a  temperature 
range  of  80°F  to  125°F.  The  system  was  initially  nulled  at  120°F  fluid 
temperature  with  the  null  adjust  valve.  It  was  noted,  however,  that 
since  the  fluid  temperature  changed  slowly,  there  was  no  difficulty  in 
re-nulling  using  the  null  adjust  valve. 
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it  was  concluded  that  for  a  straight-through  gain  cascade  system,  the 
pilot  should  be  able  to  null  periodically  during  the  fluid  temperature 
rise  to  equilibrium  without  difficulty. 


Threshold 

The  system  threshold  test  was  conducted  with  the  shorted  hi-pass  con¬ 
figuration.  The  threshold  is  defined  in  this  case  as  the  minimum  sig¬ 
nal  necessary  to  produce  the  first  controlled  motion  of  the  servo- 
actuator.  This  was  observed  at  a  rate  input  of  0.  17  deg /sec,  which  was 
the  low  limit  of  the  angular  rate  motion  producing  servo  (tilt  table). 

The  servoactuator  threshold  at  the  test  system  loop  gain  was  equiva¬ 
lent  to  0.  1  deg/sec  input  at  the  rate  sensor.  It  is  then  seen  that  the 
rate  sensor  must  equal  approximately  0.  07  deg/sec.  It  is  believed 
that  the  rate  sensor  threshold  is  actually  less  than  0.  05  deg/sec, but 
the  low  rate  limit  of  the  tilt  table  servo  prevented  precise  measure¬ 
ment. 

Since  system  threshold  has  been  specified  as  an  angular  rate  input,  it 
should  be  recognized  that  the  servoactuator's  portion  of  the  system 
threshold  is  dependent  upon  system  gain. 


Hi -Pass  System  Tests 

The  hi-pass  system  tests  were  conducted  with  the  lag  cascade  con¬ 
nected  parallel  out-of-phase  with  the  straight -thru  cascade  as  shown 
in  Figure  60.  The  same  procedure  used  for  the  shorted  hi-pass  sys¬ 
tem  testing  was  used  during  these  tests. 


Dynamic  Response 

Frequency  response  tests  with  a  sinusoidal  input  were  conduced  at 
three  different  fluid  temperatures,  The  results  of  these  tests  are 
shown  in  Figure  66.  It  should  be  noted  that  these  responses  are  com¬ 
pared  to  the  theoretical  design  goffl  as  determined  by  the  analog  sim¬ 
ulation.  In  a  theoretical  hi-p->ss  system,  the  steady-state  loop  gain 
and  dynamic  loop  gain  (flat  portion  of  gain  response  curve)  are  con¬ 
sidered  equal.  In  an  actual  case,  this  is  true  only  if  no  difference  in 
component  loading  occurs  between  the  shorted  hi-pass  and  hi-pass 
system  configurations.  Since  the  output  amplifiers  loaded  each  other 
somewhat  during  dynamic  operation,  the  hi-pass  system  loop  gain 
is  lower  than  the  shorted  hi-pass  system  loop  gain. 

Table  X  shows  a  tabulation  of  loop  gain  compared  to  the  design  goal. 
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TABLE  X 

HI-PASS  SYSTEM  LOOP  GAIN 

Design  Goal 

Gain  at  1.  0  cps 

Fluid  Temperature 

-xe  -i:l  db 

-26  db 

75"  F. 

-19  db 

120°  F. 

-20  db 

175°  F. 

It  is  noted  that  increasing  the  fluid  temperature  above  120°  F.  should 
have  resulted  in  a  slight  increase  in  gain  (120°  F.  fluid  temperature 
point  considered  as  nominal),  as  was  seen  during  the  shorted  hi-pass 
configuration  tests  (Figure  64).  The  absence  of  loop  gain  increase  is 
due  to  the  fact  that  steady-state  rate  sensor  output  caused  by  tempera¬ 
ture  null  shift  was  cancelleu  n  the  hi-pass,  which  used  up  hi-pass 
network  linear  range.  The  output  amplifier  was  then  shifted  to  a 
dynamic  operating  point  in  its  non-linear  region  which  washed  out 
the  effect  of  sensor  gain  increase  from  increased  efficiency  due  to 
reduced  oil  viscosity. 

The  variation  in  loop  gain  -esulting  when  the  oil  temperature  is  re¬ 
duced  from  120°  F.  is  primarily  due  to  the  effect  of  increased  oil 
viscosity  on  the  component  gains. 

The  dynamic  responses  shown  in  Figure  66  are  considered  to  be  quite 
good  with  respect  to  general  curve  shape  as  compared  to  theoretical 
requirements.  It  is  noted  that  the  nominal  condition  (120°F.  oil  tem- 
perature)gain  is  approximately  3  db  below  ideal  theoretical  gain.  Con¬ 
sidering  that  the  hardware  was  designed  using  a  mathematical  design 
approach,  a  divergence  of  actual  results  and  theoretical  goal  of  3  db 
would  be  considered  as  close  agreement. 

Although  there  was  some  scattering  of  points  in  the  phase  responses, 
no  definite  trend  with  respect  to  fluid  temperature  variation  developed. 
The  measured  phase  lag  at  frequencies  above  1.  0  cps  was  less  than 
the  theoretical  phase  lag  because  apparently  the  real  system  contains 
leas  hydraulic  lags  than  those  estimated  for  the  theoretical  system. 


v'  ill  Shift  with  Fluid  Temperature 

li-pass  system  null  shift  with  fluid  temperature  is  illustrated 
in  gure  67.  It  is  noted  that  the  initial  bias  (120°  F.  temperature) 
was  not  adjusted  out  since  it  did  not  have  any  influence  on  the  test. 
This  bias  or  offset  was  only  0.  064  inch  out  of  a  total  actuator  travel 
of  0.  750  inch.  Comparing  the  temperature  nu11  shift  of  the  hi-pass 
system  (Figure  67)  with  the  temperature  null  a..*ft  of  the  shorted 
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hi-pass  system  (Figure  65),  it  is  seen  that  the  hi-pass  network  does 
a  creditable  job  of  cancelling  rate  sensor  null  shifts.  Although  no 
data  was  obtained  on  individual  fluid  amplifier  temperature  null 
shifts,  it  is  believed  that  these  must  be  quite  small  in  order  to  ob¬ 
tain  the  system  results  shown  in  Figure  67. 

The  changes  in  actuator  null  are  attributed  to  individual  amplifier 
non-linearities  (not  readily  noted  on  best  straight-line  gain  plots)j 
resulting  in  small  output  differences  during  subtraction  of  steady- 
state  inputs. 


CONCLUSIONS 

Open -loop  dynamic  response  was  in  reasonable  agreement  with  the 
design  goal  at  nominal  conditions.  The  shape  of  the  phase  and 
amplitude  response  plots  showed  that  the  hi-pass  function  was 
achieved.  The  nominal  condition  loop  gain  was  approximately  3  db 
below  design  goal  due  to  unpredicted  loading  of  the  output  amplifiers 
during  dynamic  operation. 

Loop  gain  is  affected  by  oil  viscosity  at  oil  temperatures  below  100°  F. 
This  is  primarily  due  to  the  viscosity  temperature  characteristic  of 
the  specified  MIL-H-5606  fluid. 

Fluid  noise  increased  with  fluid  temperature  although  system  loop 
gain  did  not  necessarily  increase.  It  is  believed  that  the  air  content 
of  the  fluid  may  have  a  significant  bearing  on  system  noise. 

The  system  threshold  is  believed  to  be  less  than  0.  17  deg.  /sec. 

This  could  not  be  verified  since  the  low  rate  limit  of  the  test  tilt 
table  was  approximately  0.  17  deg.  /sec. 


CLOSED-LOOP  TESTING 


SUMMARY 

Closed-loop  response  testing  at  nominal  conditions  was  conducted  to 
determine  damped  aircraft  response  with  the  fluidic  damper  system 
engaged.  The  aircraft  was  simulated  by  an  analog  computer.  A 
complete  description  of  the  test  method  and  apparatus  is  presented. 

Damped  aircraft  response  recordings  show  that  the  fluidic  damper 
met  the  design  goal  of  improving  the  unaugmented  aircraft  damping 
ratio  of  approximately  0.35  to  0.  60  when  augmented. 
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DISCUSSION 


The  closed -loop  testing  was  conducted  using  an  analog  computer  to 
simulate  the  UH-1B  helicopter.  In  this  fashion  the  damper  system 
performance  in  terms  of  damped  aircraft  response  to  disturbances 
could  be  evaluated. 


Test  Setup 

Figure  68  shows  a  block  diagram  of  the  closed-loop  test  setup.  The 
fluidic  damper  was  mounted  on  a  servo-driven  tilt  table.  The  vehicle 
equations  of  motion  were  programmed  into  the  analog  computer. 

The  disturbance  commands  were  a  10  ft/sec  wind  gust  represented 
as  a  side-slip  a,.gle  (/3)  and  a  1-degree  rudder  step  (0-p).  The  (3  gust 
command  was  fed  into  the  computer  with  initial  conditions.  The  com¬ 
puter  calculated  the  aircraft  response  to  these  inputs  in  terms  of  /3 
(side-slip  angle),  ^  (yaw  rate),  ^  (yaw  angle),  and  (tail  rotor 
angle).  The  yaw  rate  signal  (^  )  was  taken  from  the  computer,  modi¬ 
fied  to  compensate  for  the  tilt  table  dynamics,  and  then  used  to  drive 
the  table.  The  table  drive  servo  was  adjusted  so  that  the  table  motions 
measured  by  a  potentiometer  and  rate  gyro  were  exact  reproductions 
of  the  aircraft  motions  as  calculated  by  the  computer.  Unaugmented 
aircraft  performance  was  determined  by  opening  up  the  electrical 
signal  line  from  the  fluidic  damper  to  thp  computer  (boost  servo 
command).  Augmented  aircraft  response  was  determined  by  feed¬ 
ing  the  fluidic  damper  servoactuator  output  electrically  into  the 
computer  (boost  servo  command). 

Photographs  of  the  damper  system  and  tilt  table  were  presented  pre¬ 
viously  on  Figures  54,  55,  and  56.  Although  the  analog  computer  and 
recorders  can  be  seen  in  the  background  on  Figure  56,  Figure  69  is 
a  close-up  view  of  the  computer  and  recorders.  Figure  70  is  a  block 
diagram  of  the  analog  computer  setup.  Table  XI  shows  the  potentiom¬ 
eter  settings  for  the  various  flight  conditions. 

It  should  be  noted  that  all  tests  were  conducted  with  the  roll  axis 
fixed  (pilot  holding  wings- level  condition).  To  simulate  this  condition, 
the  roll  axis  equations  of  motion  were  not  applied  to  the  analog  com¬ 
puter. 


Test  Results 

The  system  performance  was  measured  at  room  ambient  temperature 
with  the  oil  temperature  at  120e  F.  This  was  considered  as  nominal 
conditions.  Aircraft  ■”e°pons  ~  was  measured  at  hover,  60  knots, 

90  knots,  and  120  knots.  Since  the  hover  condition  is  not  meaningful 
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Figure  69.  Analog  Computer  and  Recorders 
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Figure  70.  Block  Diagram  of  Analog  Computer  Setup 
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in  the  absence  of  outer  loop  control,  it  has  been  omitted  from  this  dis¬ 
cussion.  Only  the  three  forward  flight  conditions  are  presented  and 
discussed. 

Figure  71  shows  the  augmented  aircraft  response  compared  to  the  un¬ 
augmented  aircraft  response  for  the  60-knot,  90-knot,  and  120-knot 
forward  flight  conditions.  The  3  response  trace  is  used  for  evaluation 
of  the  equivalent  second-order  damping  ratio. 

In  all  three  cases  it  can  be  seen  that  the  augmented  aircraft  response 
has  an  equivalent  second  order  damping  ratio  of  approximately  0.  60 
or  greater.  Based  on  percen*  ^ve rshoot,  the  approximate  damping 
ratios  are  tabulated  in  Table  XII. 


TABLE  XII 

AIRCRAFT  DAMPING  RATIO  TABULATION 

Equivalent  Sec 

ond -Order  ! 

Vehicle  Speed 
(knots) 

Damping  Ratio 

Unaugmented 

Aircraft 

Augmented 

Aircraft 

60 

-  ■ 

0.  35 

0.  62 

90 

0.  32 

0.  60 

120 

0.  38 

0.  70 

'Design  goal  >  0.  60  damping  ratio 


It  is  also  seen  from  the  rudder  trace  (0Tservo^  that  the  rudcJer  noise 
is  approximately  0.2  degree  or  less.  It  is  noted  that  observation  of 
the  3  and  ^  traces  indicates  that  the  rudder  noise  appears  to  have 
little  or  no  effect  on  the  aircraft  response. 


CONCLUSIONS 

The  closed-loop  response  tests  at  nominal  conditions  show  that  the 
design  goal  of  augmented  aircraft  damping  of  0.  60  or  greater  was 
achieved. 

Rudder  noise  produced  by  the  fluidic  damper  appears  to  have  negligible 
effect  on  aircraft  response. 
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ENVIRONMENTAL  TESTING 


SUMMARY 

Simulated  -25aF  flight  day  and  100°F  flight  day  closed-loop  performance 
testing  was  conducted.  Augmented  aircraft  performance  fell  short  of 
the  design  goal  a1  the  60°F  oil  temperature  condition, which  represented 
the  oil  equilibrium  temperature  in  the  UH-1B  on  a  -25°F  day.  Aug¬ 
mented  performance  met  the  design  goal  at  oil  temperatures  above 
80°F  with  a  -25°F  ambient.  Design  goal  performance  was  achieved  for 
the  100°F  flight  day. 

Application  of  simulated  aircraft  vibration  caused  a  0.20-degree  rotor 
offset  but  did  not  affect  damped  aircraft  response. 

Due  to  the  breadboard  nature  of  the  damper  system,  the  vibration  scan 
results  were  inconclusive,  other  than  that  no  damage  resulted  and  sys¬ 
tem  performance  after  vibration  was  the  same  as  before  the  vibration. 


DISCUSSION 


The  environmental  testing  consisted  of  the  following  items: 

c  Closed-loop  response  testing  under  simulated  -25°F  flight 
day  conditions 

•  Closed-loop  response  testing  under  simulated  100°F  flight 
day  conditions 

•  Closed-loop  response  testing  under  nominal  conditions 
with  a  simulated  aircraft  vibration  applied  to  the  fluidic 
damper  apparatus 

•  Vibration  scan  at  0.  1  inch  double  amplitude  deflection 
from  0  to  20  cps  and  2  g's  acceleration  from  20  to  500  cps 
in  each  of  three  mutually  perpendicular  axes. 


Simulated  -25°F  Flight  Day 

The  fluidic  damper  system  mounted  on  the  tilt  table  and  the  low  pres¬ 
sure  hydraulic  power  source  were  moved  from  the  hydraulics  labora 
tory  to  an  environmental  chamber.  All  other  associated  closed-loop 
test  equipment,  such  as  computer,  recorders,  etc.,  was  moved  to  a 
location  outside  the  chamber.  The  same  procedure  as  used  during 
nominal  conditions  closed-loop  testing  was  employed. 
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The  fluidic  damper  system  and  low-pressure  hydraulic  power  source 
located  in  the  environmental  chamber  were  allowed  to  stabilize  at  a 
-25°F  ambient  temperature.  The  pump  was  started  and  closed-loop 
performance  measured  as  the  hyaraulic  oil  heated  up.  The  -25*F 
ambient  temperature  was  maintained  throughout  the  test. 

Since  the  system  hydraulic  resistance  varied  as  a  result  of  viscosity 
changes, the  input  flow  was  controlled  manually  by  a  throttling  valve 
between  the  pump  discharge  line  and  the  fluidic  system  supply  ports. 
During  the  course  of  the  testing,  this  valve  was  adjusted  only  when  the 
flow  rate  varied  4  percent  off  nominal.  The  flow  was  controlled  manu¬ 
ally  since  MS28886  aircraft  hydraulic  flow  regulator  valves  could  not  be 
obtained  to  perform  this  function  in  time  to  maintain  the  program 
schedule. 

Aircraft  response  was  measured  at  various  oil  temperatures  as  the 
oil  heated  up.  At  oil  temperatures  below  60°F,  there  was  no  output 
from  the  fluidic  damper  due  to  negligible  loop  gain.  This  had  been 
anticipated  based  on  the  open  loop  Bode  ploys  at  75°F  oil  temperature. 

Figure  72  shows  the  60-knot  flight  condition  with  a  comparison  of 
unaugmented  aircraft  response  and  augmented  aircraft  response  at 
oil  temperatures  of  60°F,  83°F,  and  100°F. 

Again  using  the  gust  response  (/3)  for  evaluation  purposes,  it  is  seen 
that  at  60°F  oil  temperature;  the  augmented  and  unaugmented  aircraft 
responses  are  virtually  the  same.  It  is  noted  from  the  rudder  trace 
(0<p)  that  there  is  only  a  very  small  rudder  output  with  the  damper  on. 

It  is  seen,  however,  as  the  oil  temperature  increases,  that  satisfactory 
augmented  aircraft  response  occurs. 

Table  XIII  shows  a  tabulation  of  approximate  aircraft  equivalent  second 
order  damping  ratios  based  on  percent  overshoot. 

The  lack  of  augmentation  at  the  60°F  oil  temperature  is  attributed  to 
insufficient  loop  gain.  The  low  loop  gain  is  due  in  part  to  increased 
oil  viscosity  reducing  component  gains  plus  the  fact  that  the  hi-pass 
network  range  has  been  used  up  in  cancelling  out  rate  sensor  temper¬ 
ature  null  shifts.  As  hi -pass  network  range  is  used  to  cancel  sens  r 
null  shifts,  the  dynamic  operating  points  of  the  output  amplifiers 
move  out  into  their  non-linear  regions  approaching  saturation.  When 
this  occurs,  dynamic  loop  gain  becomes  negligible.  This  situation 
could  be  corrected,  however,  by  increasing  the  range  of  the  hi-pass 
network. 

Considering  the  boost  system  fluid  temperature  rise  to  equilibrium  as 
a  base,  the  60°F  oil  temperature  is  equivalent  to  -25#F  flight  day 
operation.  The  83#F  oil  temperature  is  equivalent  to  -2°F  flight  day 
operation  and  the  100°F  oil  temperature  is  equivalent  to  15#F  flight 
day  operation. 
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60  KNOTS  FLIGHT  CONDITION 

Figure  72.  Closed  Loop  Response,  -25°F  Flight  Day 
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TABLE  XIII 

AIRCRAFT  DAMPING  RATIO  TABULATION 
(-25°F  Flight  Day  at  60  Knots) 

Oil  Temperature 
(°F) 

Equivalent  Second-Order 
Damping  Ratio 

Unaugmented 
Aire  raft 

Augmented 
Aire  raft 

60 

0.  35 

0.40 

83 

0.  35 

0.  52 

100 

0.  35 

0.  70 

It  is  thus  seen  that  the  feasibility  system  with  its  current  limitations 
can  provide  satisfactory  performance  down  to  a  -2°F  flight  day 
condition. 

The  90-knot  and  120-knot  conditions  were  also  measured,  and  the  re¬ 
sponses  were  essentially  the  same  as  the  60-knot  condition. 


Simulated  100°F  Flight  Day 

The  same  procedure  as  used  for  the  -25°F  flight  day  was  used  for  this 
test  except  that  the  ambient  temperature  was  held  at  100°F  and  the 
input  flow  rate  was  permitted  to  vary  up  to  10  percent  off  nominal. 

Figure  73  shows  the  damped  aircraft  response  at  oil  temperatures  of 
125°F,  150°F  and  180°F  compared  to  the  unaugmented  aircraft.  Using 
the  gust  response  (3)  for  evaluation  purposes.it  is  seen  that  the  aug¬ 
mented  aircraft  equivalent  second-order  damping  ratio  is  approximately 
0.  60  in  all  cases. 

From  the  rudder  trace  (Op),  it  is  seen  that  the  noise  varied  from 
approximately  something  less  than  0.  10  degree  to  something  more 
than  0.  20  degree.  It  is  noted  that  rudder  noise  appears  to  have  little 
or  no  effect  on  damped  aircraft  response. 

Table  XIV  shows  a  tabulation  of  aircraft  damping  ratios. 

The  oil  temperature  range  from  100°F  to  180#F  is  representative  of 
UH-1B  performance  on  the  100°F  flight  day.  It  is  thus  seen  that  the 
feasibility  system  provides  satisfactory  augmentation  throughout  this 
complete  temperature  range. 
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TABLE  XIV 

AIRCRAFT  DAMPING  RATIO  TABULATION 
(100#F  FLIGHT  DAY  AT  60  KNOTS) 

Equivalent  Second-Order  Damping  Ratio 

Oil 

Unaugmented 

Augmented 

Temperature 

Aircraft 

Aircraft 

125®  F 

0.35 

0.60 

150®  F 

0.35 

0.60 

180®  F 

0.35 

0.60 

It  is  also  noted  that  by  comparing  the  -25° F  flight  day  performance 
with  the  100°F  flight  day  performance,  it  can  be  seen  that  the  oil 
temperature  is  the  controlling  factor  in  obtained  satisfactory  augmen¬ 
tation.  Ambient  temperature  appears  to  have  negligible  effect  on  the 
system  for  similar  oil  temperatures. 


Simulated  Nominal  Condition  Flight  with  Simulated  Aircraft  Vibration 

This  test  was  performed  in  order  to  observe  the  effect  of  aircraft 
vibration  on  the  fluidic  damper  performance.  The  same  procedure 
as  used  for  the  nominal  condition  closed -loop  response  was  employed 
except  that  an  electric  motor  with  an  offset  weight  on  its  shaft  was 
mounted  to  the  stationary  base  of  the  tilt  table.  Operation  of  the  motor 
applied  a  vibration  perpendicular  to  the  yaw  axis  of  0.25  g's  at  29  cps. 
The  motor  can  be  seen  behind  the  tilt  table  actuator  in  Figures  54 
and  56,  This  level  of  vibration  was  considered  representative  of  the 
measured  vibration  at  the  center  of  gravity  on  the  UH-1B  aircraft 
and  was  used  for  test  purposes  since  it  was  anticipated  that  the  fluidic 
damper  would  be  near  this  location  in  the  aircraft. 

Figure  74  shows  measured  UH-1B  vibration  levels  in  the  vertical  mode. 
This  data  was  provided  by  the  Bell  Helicopter  Company,  and  it  was 
stated  that  the  vertical  vibration  was  predominant  in  the  aircraft. 

A  120-knot  flight  condition  was  arbitrarily  chosen  for  test  purposes. 
Figure  75  shows  the  aircraft  augmented  response  with  and  without 
vibration,  compared  to  the  unaugmented  aircraft  response.  Here, 
again,  it  is  seen  that  the  augmented  aircraft  damping  ratio  is  approxi¬ 
mately  0.  60  as  compared  to  approximately  0.  35  for  the  unaugmented 
aircraft.  It  is  seen  from  the  two  augmented  response  traces  that  the 
vibration  produced  an  offset  of  the  tail  rotor  (9 of  about  0.  20  degree. 
There  also  was  a  slignt  increase  in  tail  rotor  noise.  Removal  of  the 
vibration  removed  the  0.  20-degree  tail  rotor  offset.  Other  than  the 
tail  rotor  offset  which  could  be  trimmed  out,  the  aircraft  damped  re¬ 
sponse  appeared  to  be  unaffected  by  the  vibration. 
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It  should  be  noted  that  this  test  was  performed  with  the  system  exactly 
as  shown  in  the  photographs  {Figures  54  and  55).  No  attempts  were 
made  to  anchor  any  of  the  tubing.  Since  the  pump  unit  was  remote  from 
the  tilt  table,  the  applied  vibration  caused  vibrations  of  the  damper 
main  fluid  supply  and  return  lines.  Since  this  was  a  breadboard  arrange 
ment  and  not  representative  of  an  aircraft  installation,  the  cause  of  the 
0.20-degree  rotor  offset  could  not  be  determined. 


It  was  concluded,  however,  that  the  test  results  wore  encouraging  in 
that  as  only  the  rotor  offset  occurred,  it  could  be  trimmed  out,  and 
damped  aircraft  response  was  essentially  unaffected. 


Vibration  Scan 

The  fluidic  damper  was  removed  from  the  tilt  table  and  mounted  on  a 
vibration  fixture.  The  servoactuator  was  not  vibrated  and  was  mounted 
to  a  table  adjacent  to  the  vibration  machine.  Rubber  hoses,  approxi¬ 
mately  four  feet  long,  connected  the  servoactuator  to  the  fluidic  appa¬ 
ratus,  The  tubing  associated  with  the  fluidic  device  was  anchored  to 
the  mounted  fixture  with  clamps  and  supports.  The  hoses  from  the 
pump  discharge,  system  return,  and  servoactuator  were  not  anchored 
due  to  the  nature  of  the  test  setup.  Here,  again,  it  must  be  recognized 
that  this  was  a  breadboard  system  configuration  and  in  no  way  is  repre¬ 
sentative  of  an  actual  aircraft  installation. 

Fluid  pressure  was  applied  to  the  system  and  the  servoactuator  output 
was  monitored.  A  vibration  scan  at  0. 1  double  amplitude  deflection 
from  0  to  20  cps  and  2  g's  acceleration  from  20  to  500  cps  in  each  of 
three  mutually  perpendicular  axes  was  applied.  Referring  to  Figure  74,, 
it  is  seen  that  the  scan  vibrations  are  significantly  more  severe  than 
those  occurring  in  the  helicopter  according  to  the  Bell  Helicopter  Com¬ 
pany  data. 

The  results  in  all  three  axes  were  generally  the  same.  At  frequencies 
up  to  20  cps, the  vibration  produced  substantial  motions  of  the  hoses 
between  the  stationary-mounted  servoactuator  and  the  fluidic  appara¬ 
tus.  Abnormal  actuator  piston  excursions  resulted  when  hose  whip¬ 
ping  occurred.  Restraining  the  hose  movement  by  hand  substantially 
reduced  actuator  movement.  As  the  scan  progressed,  abnormal 
actuator  motion  or  offsetting  was  observed  at  frequencies  of  approxi¬ 
mately  30  cps,  60  cps,  120  cps,  180  cps,  300  cps,  and  500  cps.  The 
maximum  actuator  movement  incurred  either  by  offsetting  or  wander¬ 
ing  was  equivalent  to  approximately  0.  70  degree  of  rotor  displacement. 
In  all  cases,  the  actuator  returned  to  its  original  null  when  the  vibra¬ 
tion  was  removed.  No  physical  damage  was  noted.  System  perfor¬ 
mance  when  tested  after  the  vibration  scan  was  the  same  as  before 
the  vibration  scan. 
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No  conclusions  can  be  drawn  as  to  the  cause  of  actuator  excursions 
during  the  test  other  than  those  caused  by  hose  movements,  since  the 
system  was  in  breadboard  configuration  to  facilitate  experimental 
feasibility  testing  and  was  in  no  way  representative  of  an  actual  air¬ 
craft  installation. 

It  can  only  be  concluded  that  the  breadboard  system  was  not  damaged 
by  the  vibration  test.  Also,  meaningful  performance  data,  when  sub¬ 
jected  to  the  vibration  scan,  can  only  be  obtained  with  a  system  con¬ 
figuration  and  mounting  that  would  duplicate  the  actual  aircraft  instal¬ 
lation. 


CONCLUSIONS 

As  a  result  of  the  environmental  tests, the  following  conclusions  are 
drawn: 

•  The  -25° F  flight  day  augmented  performance  was  limited  by 
the  effects  of  oil  viscosity  and  using  up  hi-pass  network 
range  in  cancelling  rate  sensor  temperature  null  shifts. 

This  performance  could  be  improved  to  be  satisfactory 
down  to  40° F  oil  temperature  by  providing  increased  range 
in  the  hi-pass  network. 

•  The  100°  F  flight  day  performance  was  satisfactory. 

•  The  0.20-degree  rotor  offset  incurred  when  simulated  UH-1B 
aircraft  vibration  was  applied  could  be  trimmed  out  and  did 
not  appear  to  affect  aircraft  damped  performance.  Cause  of 
the  offset  could  not  be  determined  due  to  the  breadboard 
nature  of  the  system. 

•  The  results  of  the  vibration  scan  are  inconclusive  other  than 
that  no  physical  damage  resulted  and  system  performance 
after  the  test  was  the  same  as  prior  to  the  test. 

•  Overall  environmental  test  results  were  encouraging  con¬ 
sidering  that  this  was  a  feasibility  breadboard  model  system. 
The  overall  results  show  that  the  mechanization  is  feasible 
for  helicopter  flight  control  and  that  the  problem  areas  un¬ 
covered  should  be  solvable  with  further  development  effort. 
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CHAPTER  6 


HYDRAULIC  POWER  SOURCE  SYSTEM  STUDY 


SUMMARY 


The  fluidip  damper  system  requires  a  low-pressure,  constant- flow- 
type  hydraulic  power  source  due  to  its  inherent  "constant  current" 
type  operating  characteristics.  A  power  source  of  this  type  can  be  ob¬ 
tained  using  a  constant  displacement  pump  and  standard  AN  or  MS  com¬ 
ponents  connected  as  shown  in  Figure  76.  This  power  source  results 
in  minimum  vehicle  engine  loading.  Utilization  of  the  boost  system 
hydraulic  fluid  provides  equilibrium  fluid  operating  temperatures  with¬ 
in  the  design  temperature  range  of  the  fluidic  damper. 

Overall  installed  system  bulk  and  weight  will  be  determined  predomi¬ 
nantly  by  existing  MIL  specifications  covering  aircraft  hydraulic  sys¬ 
tems. 


DISCUSSION 

The  UH-1B  helicopter  is  equipped  with  two  constant-pressure,  variable- 
volume,  high-pressure  pumps.  These  pumps  supply  fluid  to  the  dual 
boost  hydraulic  flight  control  system. 

This  type  of  hydraulic  power  source  is  not  compatible  with  the  fluidic 
damper  system  (except  series  servo),  which  requires  a  constant -volume, 
low-pressure  hydraulic  power  source.  Fluidic  systems  are  basically 
"constant  current"  type  systems  (similar  to  open-center  hydraulic 
systems),  wherein  the  system  pressure  drop  varies  with  the  system 
hydraulic  resistance  as  the  input  flow  rate  is  held  constant.  Since  the 
system  hydraulic  resistance  varies  with  fluid  viscosity,  a  constant- 
pressure  hydraulic  power  source  can  be  rarely  used  except  in  cases 
where  the  system  hydraulic  resistance  can  be  held  constant. 

From  the  preceding  discussion,  it  is  seen  that  to  operate  over  a  broad 
fluid  temperature  range,  the  hydraulic  power  source  system  for  the 
fluidic  damper  must  be  a  low-pressure,  constant-flow-type  system. 


DESCRIPTION  OF  HYDRAULIC  POWER  SOURCE  SYSTEM 

The  constant- flow  power  source  system  is  shown  in  schematic  form  in 
Figure  76.  The  power  source  consists  of  the  following  components: 

1.  Engine-driven  dual-element  pump 

2.  Safety  relief  valve 

3.  10-micron  filter 
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4.  Supply  line  check  valve 

5.  Accumulator 

6.  Rate  sensor  supply  flow  control  valve 

7.  Fluid  amplifier  network  supply  flow  control  valve 

8.  Return  line  check  valve 

9.  Three-way  solenoid  valve 

The  fixed  displacement  pump  delivers  supply  fluid  to  the  fluidic  portion 
of  the  damper  system.  This  pump  is  the  second  element  cf  a  dual-ele¬ 
ment  pump  (item  1),  The  primary  or  variable  displacement  element  of 
the  pump  is  the  same  as  that  currently  used  on  the  UH-1B  helicopter. 
One  of  the  current  UH-1B  pump  suppliers  has  indicated  that  its  UH-1B 
pump  could  be  modified  to  include  a  fixed-displacement  gear  pump  ele¬ 
ment  on  a  common  drive  shaft  with  the  mounting  pad  the  same  as  the 
single-element  UH-1B  pump.  This  configuration  would  offer  the 
cleanest  installation,  although  a  separate  pump  could  be  used  if  an  ad¬ 
ditional  drive  quill  was  available. 

The  safety  relief  valve  (item  2)  is  provided  to  limit  the  pump  discharge 
pressure  and  to  bypass  pump  flow  not  required  by  the  system  as  the 
engine  speed  varies.  The  need  to  bypass  excess  pump  flow  results 
from  having  to  size  the  fixed- displacement  pump  to  provide  adequate 
system  flow  at  the  minimum  operational  engine  rpm. 

The  10-micron  filter  provides  contamination  protection. 

The  check  valves  (items  4  and  8)  provide- a  means  of  keeping  the 
fluidic  system  full  of  fluid  when  the  pump  is  not  operating.  The  check 
valves  also  prevent  fluid  from  draining  out  of  the  power  source  and/or 
rate  sensor  amplifier  assembly  during  hydraulic  maintenance  or  ser¬ 
vicing  operations. 

The  accumulator  (item  5)  is  used  to  smooth  out  flow  pulsations  due  to 
sudden  changes  in  engine  speed,  if  they  occur.  The  hydraulic  resis¬ 
tance  of  the  10-micron  filter  plus  the  inlet  line  check  valve  in  conjunc¬ 
tion  with  the  accumulator  makes  up  an  RC  type  flow  filter. 

The  flow  control  valve  (item  6)  provides  a  constant  flow  rate  to  the 
rate  sensor  regardless  of  changes  in  sensor  internal  hydraulic  resist¬ 
ance  and/or  changes  in  upstream  or  downstream  pressure. 

The  flow  control  valve  (item  7)  provides  a  constant  flow  to  the  fluid 
amplifier  network  regardless  of  changes  in  upstream  or  downstream 
pressure.  The  flow  control  valve  can  be  used  with  this  fluid  amplifier 
network  since  all  amplifiers  use  a  common  inlet  pressure. 

Figure  76  indicates  the  rate  sensor-amplifier  assembly  to  be  a  com¬ 
pletely  closed  conduit  system.  With  this  configuration,  the  assembly 
can  be  checked  and  serviced  as  an  end  item  and  readily  installed  in 
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SUPPLY  PRESSURE 
TO  12  BOOST  SYSTEM 


the  aircraft,  as  opposed  to  a  previously  contemplated  configuration  of 
having  the  assembly  in  a  fluid-filled  container. 

The  three-way  solenoid  valve  (item  9)  provides  a  means  of  engaging 
and  disengaging  the  damper  system.  When  the  valve  is  energized,  high- 
pressure  fluid  from  the  No.  2  boost  system  (directional  control)  is 
applied  to  the  servoactuator  which  unlocks  and  is  ready  to  operate  in 
response  to  fluidic  signals.  With  the  valve  in  the  de-energized  posi¬ 
tion,  the  high-pressure  fluid  is  blocked  and  the  servoactuator  pressure 
port  is  shorted  to  the  return  port.  The  loss  of  high  pressure  mechani¬ 
cally  locks  the  servoactuator  in  its  mid-position. 

It  should  be  noted  that  components  such  as  check  valves,  relief  valve, 
accumulator,  flow  control  valves,  etc.,  can  be  obtained  as  standard 
MS  or  AN  hardware.  The  use  of  standard  MS  or  AN  hardware,  wher¬ 
ever  possible,  will  simplify  the  logistic  support  of  the  fluidic  damper 
system  since  these  items  exist  in  the  military  inventories. 


ESTIMATED  POWER  DEMAND 

Since  the  fluidic  system  is  a  constant-flow  type  system,  the  power  de 
mand  is  continuous.  The  power  demand  for  the  system  is  calculated 
as  follows: 

Power  Demand  =  6P^f  *  P-ufff/p  =  H.  P  (3) 


The  following  conditions  are  assumed; 

a.  Flow  rate  =3.0  gpm 

b.  Efficiency  =  85# 

c.  Pump  AP  =  100  psi 

The  power  demand  is  calculated  to  be: 

Power  Demand  =  0  =  °  -  20fi  H-  p-  ~  154  watts  H> 


The  100-psi  pump  pressure  is  based  on  the  sum  of  the  anticipated  com¬ 
ponent  pressure  drops  from  the  pump  outlet  port  to  inlet  port.  These 
are  25  psid  for  the  flow  control  valve,  2  psid  for  the  10-micron  filter, 
10  psid  for  the  inlet  and  return  check  valves,  10  psid  for  hydraulic  line 
loss,  and  53  psid  (at  reduced  temperature)  for  the  rate  sensor. 

The  series  servo  power  demand  is  not  included  since  it  is  the  same  for 
any  augmentation  system,  whether  it  be  electrohydraulic  or  fluidic. 
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FLUID  TEMPERATURE  CONSIDERATIONS 


Data  received  from  Bell  Helicopter  Company  indicates  that  the 
hydraulic  boost  system  reservoir  fluid  temperature  stabilizes  at  +60°  F. 
after  40  minutes  of  operation  on  a  -25°  F.  flight  day  and  at  +185°  F. 
after  40  minutes  on  a  +100°  F.  flight  day.  Since  the  damper  system 
draws  fluid  from  the  No.  2  boost  system  reservoir,  it  will  be  operat¬ 
ing  at  these  fluid  temperatures  which  are  within  the  damper  system 
design  goal  fluid  temperature  range. 

Performance  degradation  in  the  form  of  reduced  loop  gain,  resulting  in 
a  lesser  degree  of  augmentation, would  be  anticipated  on  the  -25°  F. 
flight  day  during  the  fluid  warm-up  period. 

The  standard  hydraulic  components  of  the  system  would  not  be  materi-. 
ally  affected  by  the  fluid  temperature  range,  as  they  would  be  qualified 
Type  II  (-65°  F.  to  +275°  F.  )  hydraulic  system  hardware. 


ESTIMATE  OF  COMPONENT  SIZES  AND  WEIGHTS  FOR 
HYDRAULIC  POWER  SOURCE  AND  FLUIDIC  DAMPER  SYSTEM 

In  order  to  obtain  a  general  overall  view  regarding  the  component 
sizes  and  weights  for  the  installation  of  the  fluidic  damper  in  a  UH-1B 
helicopter,  an  estimate  of  component  sizes  and  weights  is  presented. 

It  must  be  recognized  that  the  fluidic  damper  installed  in  the  aircraft 
would  fall  under  the  requirements  of  MIL-H-5440A,  Hydraulic  Systems, 
Aircraft;  Design,  Installation  and  Test  Of.  This  specification  and  other 
specifications  contained  therein  govern  such  things  as  fittings,  hoses, 
tubing,  type  of  connections,  pumps,  valves,  filters,  accumulators, 
etc.  It  is  the  general  compliance  with  all  these  existing  regulations 
that  will  primarily  determine  the  complete  damper  system  bulk  and 
weight.  For  example,  although  the  rate  sensor  and  fluid  amplifier 
network  apparatus  is  small  in  size,  with  low  weight,  the  package 
assembly  size  and  weight  will  be  determined  largely  by  the  input  and 
output  manifolds  necessary  to  contain  the  required  fittings  (AN,  MS, 
or  NAS)  and  allow  for  proper  connecting  of  hoses  or  tubing.  Another 
factor  controlling  system  bulk  and  weight  is  the  hydraulic  tubing  re¬ 
quired  in  cases  where  the  servos  are  remote  from  the  power  source 
and  also  when  pilot  manual  input  controls  (trim)  are  located  remotely 
from  the  servo. 

It  should  also  be  recognized  that  the  system  bulk  and  weight  resulting 
from  an  actual  installation  may  be  significantly  less  than  estimated 
since  it  may  be  possible  to  reduce  tubing  and  number  of  fittings  over 
that  estimated,  due  to  actual  conditions  permitting  a  more  optimum 
installation  than  that  assumed. 


With  this  background  in  mind.  Table  XV  shows  a  tabulation  of  syptem 
component  estimated  sizes  and  weights. 


TABLE  XV 

ESTIMATED  COMPONENT  SIZES  AND  WEIGHTS  TABULATION 

Estimated  Size 

Estimated 

Component 

Envelope  (dimen- 

Weight 

sions  in  inches) 

(pounds) 

Dual-Element  Pump 

5x5x7 

12.  0 

(this  is  approximately  3  lb. 
greater  and  2  inches  longer 
than  current  pump) 

Safety  Relief  Valve 

13/16  dia.  x  5 

1.0 

(similar  to  MS  28893) 

Filter  (  MS  28720) 

17/8x1  7/8  x  5 

1.0 

Accumulator  (AN  bladder  type) 

51/2  sphere 

3.  5 

Flow  Control  Valve 

1  1/8  dia.  x  3  13/16 

0.4 

(similar  to  MS  28886-2.  5) 

Flow  Control  Valve 

1  1/8  dia.  x  3  13/16 

0.4 

(similar  to  MS  28886-0.  5) 

Check  Valve  (MS  28890) 

1  1/8  dia.  x  3 

0.  3 

Check  Valve  (MS  28890) 

1  1/8  dia.  x  3 

0.  3 

Solenoid  Valve  (Tactair  series 

1  13/16  x  2  3/8  x  5  17/32 

1.  5 

600  per  MIL-V-5529A) 

Rate  Sensor  and  Amplifier 

8x5x4 

4.  5 

Assembly 

(estimated  repackaged 
design  with  input  and 
output  manifolding) 

Servoactuator 

2  5/8  x  4  1/2  x  9  3/4 

3.  9 

(HRM  no.  85111200) 

Pilot  Trim  Control 

2x21/2x3 

1.0 

Trim  Indicator 

2x21/2x3 

0.  7 

Hoses 

15  feat  of  3/ 8  dia. 

(power  source  to 
fluidic  damper) 

3.0 

40  feet  of  1/4  dia. 

(rate  sensor-amplifier 
package  to  servo  plus 
cockpit  trim  control  to 
fluidic  system) 

4.8 

Fittings  (AN,  MS,  and  NAS) 

-  -  “  - 

6.  0 
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With  respect  to  additional  hydraulic  fluid  requirements,  the  esttmaiv.-1 
fill  volume  for  the  fluidic  damper  system  including  lines  is  approxi¬ 
mately  0.  25  gallon.  This  would  be  about  2  pounds  of  additional  weight. 
Assuming  that  the  fluidic  damper  draws  its  fluid  from  the  No.  2  boost 
system  reservoir,  this  amount  of  fluid  should  be  added  to  the  reser¬ 
voir  after  the  fluidic  damper  fill  procedure  has  been  completed.  This 
would  then  bring  the  No.  2  boost  system  reservoir  back  to  its  pre¬ 
scribed  operational  level.  Since  the  fluidic  damper  system  oil  volume 
is  essentially  the  same  in  the  operative  or  non-operative  condition, 
no  additional  reservoir  capacity  over  and  above  the  No.  2  boost  system 
reservoir  would  be  anticipated. 


CONCLUSIONS 

The  hydraulic  power  source  system  described  herein  satisfies  the 
"constant  flow"  type  requirement.  The  hydraulic  pump  can  be  a  single 
unit  or  incorporated  as  an  element  of  the  boost  pump,  if  desired.  Use 
of  the  constant-flow,  low-pressure  power  source  results  in  an  esti¬ 
mated  vehicle  engine  loading  of  about  0.  20  hp  as  compared  to  about  2.  9 
hp  if  high-pressure  boost  fluid  were  to  be  reduced  in  pressure  and  used. 
The  total  damper  system  bulk  and  weight  will  be  determined  predomi¬ 
nantly  by  compliance  with  the  requirements  of  MIL-H-5440A,  Hydrau¬ 
lic  Systems,  Aircraft;  Design,  Installation  and  Test  Of. 


CHAPTER  7 
CONCLUSIONS 


The  following  conclusions  are  drawn  based  on  the  data  and  results 
obtained  during  conduction  of  the  program: 

•  A  fluidic  rate  damper  system,  utilizing  hydraulic  oil, 
is  feasible  for  helicopter  flight  control  system  mech¬ 
anization. 

•  Gain  variations  of  this  fluidic  damper  system  are 
primarily  a  function  of  the  MIL-H-5606  oil  viscosity- 
temperature  characteristic,  particularly  at  oil 
temperatures  of  less  than  100°  F. 

•  An  increase  in  the  hi-pa's  network  linear  range  is 
necessary  in  order  to  achieve  satisfactory  aircraft 
augmented  response  in  the  oil  temperature  range  of 
40°  F.  to  70°  F. ,  without  resorting  to  external  oil 
temperature  control  means.  Modifying  the  present 
system  to  hi-pass  directly  from  the  rate  sensor  with¬ 
out  prior  amplification  and  then  building  the  required 
loop  gain  with  downstream  amplification  should  result 
in  the  desired  performance  improvement.  This  will 
allow  the  hi-pass  to  cancel  rate  sensor  temperature 
null  shifts  without  shifting  the  hi-pass  output  amplifiers 
into  the  non-linear  portion  of  their  gain  curves. 

•  The  simulated  UH-1B  aircraft  appeared  to  be  tolerant 
of  the  fluid  noise  encountered  in  this  fluidic  damper 
system.  Causes  of  the  fluid  noise  were  not  specifically 
defined  during  the  program,  although  aeration  of  the 
hydraulic  fluid  in  the  laboratory  low-pressure  pump 
unit  is  suggested  as  a  prime  contributor. 

•  A  low-pressure,  constant-flow  hydraulic  power  system 
can  be  added  to  the  current  vehicles  using  primarily 
standard  AN  and  MS  hydraulic  components.  The  low- 
pressure  pump  could  be  incorporated  into  the  high- 
pressure  boost  pump  to  form  a  dual-element  unit  to 
supply  both  boost  oil  and  fluidic  system  oil,  if  modifica¬ 
tion  of  the  engine  transmission  accessory  drive  pad  to 
provide  an  extra  pump  quill  was  considered  undesirable. 

•  The  hydraulic  rate  sensor  overall  performance  was  con¬ 
sidered  to  be  very  satisfactory.  Temperature  null  shift 
(oil  viscosity  change)  appears  to  be  the  primary  prob¬ 
lem.  Although  this  situation  could  be  accommodated  with 
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increased  hi-pass  network  range,  further  investigation 
to  reduce  temperature  null  shift  would  be  desirable. 

•  The  performance  of  hydraulic  fluidic  systems,  using 
hardware  of  the  same  type  as  used  in  this  system,  can 
be  predicted  in  advance  of  fabrication  with  reasonable 
correlation  between  actual  performance  and  predicted 
performance. 

•  Fluidic  control  systems  using  hydraulic  oil  should  be 
considered  for  other  aircraft  flight  control  applications 
and  auxiliary  control  applications  such  as  helicopter 
gunship  armament  pod  control. 
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CHAPTER  8 
RECOMMENDATIONS 


The  following  recommendations  for  further  work  are  submitted  for 
consideration: 

•  Conduct  a  flight  test  program  using  the  present 
breadboard  fluidic  damper  system  reconfigured  to 
reduce  gain  variations  with  oil  viscosity  changes  and 
repackaged  to  permit  suitable  aircraft  installation. 

A  flight  test  program  is  required  in  order  to  evaluate 
system  performance  under  actual  operating  conditions. 
Bench  tests  and  simulated  flights  are  certainly  im¬ 
portant  in  the  development  process  but  there  is  no  sub¬ 
stitute  for  actual  flight  test.  This  is  due  to  the  fact  that 
simulations  do  not  and  cannot  include  all  effects  of  ac¬ 
tual  vehicle  operation,  since  many  of  these  effects  defy 
mathematical  description. 

•  Conduct  further  investigation  of  fluid  amplifier  and 
rate  sensor  gain  variations  with  oil  viscosity  change. 

This  will  yield  data  to  permit  refining  the  design 
performance  prediction  process  to  include  these  effects 
in  a  precise  manner.  Refinement  of  the  performance 
prediction  process  will  serve  to  further  shorten  the 
development  process  in  that  valid  performance  predic¬ 
tions  will  cover  a  wider  range  of  environments  than  is 
now  possible. 

•  Conduct  investigations  to  determine  the  practical  low 
limit  of  fluid  noises  in  the  hydraulic  fluidic  damper 
system. 

•  Conduct  investigations  to  reduce  temperature  null  shift 
in  the  hydraulic  vortex  rate  sensor.  Significantly  im¬ 
proved  performance  in  pneumatic  rate  sensors  has 
resulted  from  investigations  into  fabrication  techniques. 

It  is  believed  that  these  same  fabrication  techniques 
could  provide  s=quivalent  performance  improvements  in 
the  hydraulic  rate  sensor. 


APPENDIX  I 

FLUID  STATE  HYDRAULIC  DAMPER 


1.0  SCOPE 

This  specification  defines  the  design  requirements  for  a 
fluid  state  hydraulic  damper.  These  requirements  reflect 
the  findings  of  design  studies  conducted  under  the  U.  S. 

Army  Aviation  Materiel  Laboratories  Contract  DA  44-177- 
AMC-294(T)  dated  24  June  1965.  Necessary  engineering 
records,  drawings,  tests,  etc.,  shall  be  initiated  to  provide 
one  breadboard  system  for  delivery  to  the  customer. 

2.0  APPLICABLE  SPECIFICATIONS  AND  REFERENCES 

2. 1  The  following  documents  and  the  applicable  specifications 
referenced  therein  shall  apply  to  the  Fluid  State  Hydraulic 
Damper  to  the  extent  specified  herein: 

2.1.1  Honeywell  Document  5F-E-54,  Fluid  State  Hydraulic  Damper. 

2. 1.  2  MIL-H-8501A,  Helicopter  Flying  and  Ground  Handling  Quali¬ 

ties,  General  Requirements  For. 

2.1.3  MIL-H-5606,  Hydraulic  Fluid,  Petroleum  Base,  Aircraft, 

Missile,  and  Ordnance. 

2.2  The  Fluid  State  Hydraulic  Damper  shall  be  capable  of  satis¬ 

factory  operation  when  exposed  to  the  following  environ¬ 
mental  conditions: 

2.2.1  Vibration  -  Per  MIL-S TD-810A ,  Helicopter  Test  Curve  B. 

2.2.2  Temperature  -  The  system  shall  be  able  to  start  at  -25®  F 
ambient  temperature  with  the  fluid  at  -25®F  and  then  operate 
satisfactorily  with  the  temperatures  ranging  from  -25®  F 
ambient  with  the  fluid  at  +40®  F  to  +100®  F  ambient  with  the 
fluid  at  +240®  F. 

2.2.3  Supply  Pressure  Variations  -  The  fluid  state  components  of 
the  system,  excluding  the  power  section  of  the  augmentation 
servoactuator,  will  be  subjected  to  a  supply  pressure  varia¬ 
tion  of  ±10  percent  from  nominal.  The  augmentation  servo- 
actuator  will  be  subjected  to  supply  pressure  variations 
normally  occurring  in  the  aircraft  directional  hydraulic 
power  boost  control  system. 
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DESIGN  REQUIREMENTS 
General 

The  fluid  state  hydraulic  damper  shall  be  designed  to  de¬ 
monstrate  performance  potential  of  a  fluid -amplification 
stability  augmentation  system,  utilizing  hydraulic  fluid,  for 
Army  V.’STOL  and  rotary  wing  aircraft.  The  yaw  axis  of 
the  UH-1B  Helicopter  shall  be  considered  as  the  application 
for  demonstration  of  performance  potential. 

The  fluid  state  hydraulic  damper  shall  consist  of  the  fol¬ 
lowing  functional  units: 

Yaw  Rate  Sensor  -  The  yaw  rate  sensor  provides  differential 
pressure  outputs  which  are  proportional  to  the  yaw  angular 
rate  of  the  aircraft. 

Preamplifier  -  The  preamplifier  accepts  and  amplifies  the 
yaw  rate  sensor  differential  pressure  output. 

Shaping  Network  -  The  shaping  network  accepts  the  output  of 
the  preamplifier,  amplifies  it,  and  shapes  it  according  to  the 

transfer  function  TS  .  . 

1  +TS 

The  trim  control  permits  the  pilot  to  supply  a  differential 
pressure  signal  to  the  servoactuator  for  cancelling  out  any 
null  offsets  introduced  by  the  shaping  network.  A  trim 
indicator  in  the  cockpit  will  be  required  to  sense  and  indicate 
steady-state  pressure  differentials  at  the  input  to  the  servo- 
actuator. 

The  servoactuator,  mounted  in  series  with  the  aircraft 
directional  power  boost  servo,  accepts  differential  pres¬ 
sure  signals  from  the  shaping  network  and  trim  control, and 
converts  them  to  displacements  of  the  power  boost  servo 
pilot  valve. 

Weight,  bulk,  and  power  consumption  shall  be  optimized  to 
the  extent  possible  without  compromising  reliable  and  de¬ 
monstrable  functioning.  Inter-unit  connections  shall  be 
accomplished  in  a  manner  that  will  permit  replacement  of 
individual  functional  components. 

Power  Supply 

The  input  power  to  the  system  (except  augmentation  servo¬ 
actuator)  shall  be  a  continuous  flow  of  hydraulic  fluid  per 
MIL-H-5606  which  is  subjected  to  10-micron  (nom.)  filtra¬ 
tion.  The  power  flow  rate  shall  be  3,  25  gpm  (nom.)  at  a 
pressure  of  40  psig  (nom.) above  the  system  return  pressure. 
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3. 2,  2  The  input  power  to  the  augmentation  servoactuator  shall  be 
hydraulic  fluid  per  MIL-H-5606  at  a  pressure  of  1000  psig 
(nom. )  which  is  obtained  from  the  aircraft  directional  hy¬ 
draulic  power  boost  system. 

3.3  P  erformanc  e 

3.  3. 1  All  performance  requirements  in  this  section  pertain  to  nor¬ 
mal  operating  conditions.  Normal  operating  conditions  are 
defined  as: 


3.3.2 


3.3.3 


Ambient  Temperature  -  70°  ±  2°F 

Hydraulic  Fluid  Temperature  -  100°  ±10°F 

Hydraulic  Fluid  Pressure  -  Inlet,  nominal  per  component 

spec.,  Return  -  atmos. 


The  yaw  rate  sensor  shall  meet  the  following  performance 
requirements  when  supplied  with  a  uniform  flow  rate  of  2.  5 
gpm  and  connected  to  the  specified  load: 


Load 

Inlet  Pressure 

Scale  Factor 

Linearity 

Range 

Threshold 

Null  Shift 

Response 


One  set  of  nozzles  0.025  inch  square 
x  0.  0375  inch  long 

■  40  psig 

=  0.  003  psid/°/sec 
5#  of  full  scale 
±  60° / sec 
=  0.05° /sec 
=  1^  of  full  scale 

Phase  lag  shall  be  no  more  than  0(deg) 

■  18  x  frequency  (cycles  per  second), 
no  amplitude  amplification,  and  no 
more  than  3  db  attenuation  below  3 
cycles  per  second. 


The  preamplifier  shall  meet  the  following  performance  re¬ 
quirements  when  supplied  with  a  uniform  power  flow  rate  at 
pressure  of  11.4  psig  and  connected  to  the  specified  load: 


Load 

Power  Flow 
Pressure  Gain 
Linear  Range 
Saturation 


Two  sets  of  nozzles  0.025  inch  square 
x  0.  0375  long  connected  in  parallel 

0. 10  gpm  (nom. ) 

*  2.18psi/psi 

±  0.  30  psid 

■  2. 50  psid 


) 
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3.3.4 


Response 


*  5^  of  full  signal 

Phase  lag  ~  45°  at  not  less  than  5 
cps,  Amplitude  ~  -3db  at  not  less 
than  5  cps. 


The  shaping  network  shall  meet  the  following  performance 
requirements  when  supplied  with  a  uniform  power  flow  rate 
at  a  pressure  of  11.4  psig  and  connected  to  the  specified 
load: 


Load 

Deadhead 

Power  Flow 

0.  53  gpm  (nom. ) 

Straight-Through 

Gain 

=  16. 5  psi/psi 

Linear  Range 

±2  psid 

Null  Output 
Pressure 

4.0  +q’q  psig  above  return  pressure 

Saturation 

7.o  +_i:°Q  Psid 

Bias 

=  1 5%  of  full  signal 

Response 

ths 

1+ths 

2  sec.  <  Tp  <  3  sec. 

The  trim  control  shall  meet  the  following  performance  re¬ 
quirements: 

Sensitivity 

0. 012  psi/0  dial 

Resolution 

■  0. 1  psi 

Linear  Range 

±2  psi 

Power  Flow 

0. 15  gpm  (nom. ) 

3.3.6  The  servoactuator  shall  meet  the  following  performance  re¬ 
quirements: 
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Transfer  Stage 

P  Quiescent  Level  (above  R  )  4  psig 

c  c 

APc  (full  control  signal  range)  ±2  psid 


P  Max.  (above  R  ) 
c  c 

10  psig 

R  Max. 
c 

50  psi 

Actuator  Stage 

System  Pressure 

1000  psi 

Stroke 

± 0. 38  in. 

Piston  Area 

0.38  sq.  in. 

Output  Force 

380  lb  (max. ) 

Centering  Force 

=  25  lb. 

Threshold 

0.  4%  max. 

Rated  Velocity 

1 5  in/ sec.  no  load 

Dynamic  Response 

90°  phase  lag  at  10  cps 
(min.)  at  25%  rated 
input 

Hysteresis 

2 %  of  full  stroke 

Supply  Proof  Pressure 

4500  psi 

Burst  Pressure 

7500  psi 

Return  Proof  Pressure 

1000  psi 

Neutral  Leakage 

0.12  gpm 

The  Fluid  Ltate  Hydraulic  Damper  shall  meet  the  following 
performance  requirements: 

Nominal  Steady-State  Gain 
(Shorted  Hi- Pass) 

0.023  in.  actuator  defl. 

• / sec. 

Response 

See  Figure  77 

Dynamic  Range 

25°  / sec. 

Linearity 

20 $ 
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Figure  77.  Damper  System  Response 
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Performance  Under  Environmental  Test  Conditions 

The  fluid  state  hydraulic  damper  and  the  individual  func¬ 
tional  units  shall  meet  the  performance  requirements  of 
Paragraph  3.3  when  subjected  to  the  environmental  require¬ 
ments  of  Paragraph  2.2,with  the  following  exceptions: 

Yaw  Rate  Sensor 

During  temperature  tests,  the  null  shift  shall  not  exceed  10 
percent  of  full  scale  output  and  the  scale  factor  shall  not 
vary  from  that  obtained  under  normal  conditions  by  more 
than  ±20  percent. 

During  pressure  test,  the  null  shift  shall  not  exceed  2.0  per¬ 
cent  of  full  scale  output. 

Preamplifiers 

During  temperature  tests,  the  linear  range  shall  not  be  less 
than  ±0.  25  psid. 

During  pressure  test,  the  bias  shall  be  no  greater  than  6 
percent  of  full  signal. 

Shaping  Network 

During  the  temperature  test,  the  linear  range  shall  not  be 
less  than  ±1. 8  psid. 

During  pressure  test,  the  bias  shall  not  exceed  18  percent 
of  full  signal. 
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APPENDIX  II 


SYSTEM  TEST  REQUIREMENTS 


1.0  OPEN  LOOP,  SHORTED  HI- PASS  TESTS 

This  set  of  test  requirements  is  designed  to  measure  the  steady- state 
performance  of  the  PFHD  without  the  shaping  network. 

The  pure  fluid  hydraulic  damper  (PFHD)  shall  be  mounted  on  a  tilt 
table  as  shown  in  Figure  78  with  the  output  of  the  lag  section  of  the 
shaping  network  disconnected  from  the  system  and  blocked  off.  The 
system  supply  pressure,  supply  flow  rate,  tilt  table  angular  displace¬ 
ment  and/or  rate,  and  augmentation  actuator  position  shall  be  moni¬ 
tored  and  continuously  recorded  while  performing  the  following  tests: 


1.  1  Gain,  Range,  and  Linearity 

The  system  shall  be  trimmed  to  null  prior  to  starting  the  test  run. 
Uniform  angular  rates  (of  sufficient  duration  to  secure  accurate 
measurements)  varying  from  0°/sec  to  +20°/sec.  shall  be  applied  to 
the  tilt  table.  Angular  rates  shall  be  applied  in  2°/ sec  increments. 
The  plot  of  ictuator  displacement  versus  table  angular  rate  shall  be 
compared  with  the  Technical  Development  Specification  (TDS)  re¬ 
quirements. 


1.  2  Threshold 

Angular  rates  varying  sinusoidally  at  a  frequency  of  not  more  than 
0.  01  cps  shall  be  applied  to  the  tilt  table  and  the  minimum  angular 
rate  amplitude  which  produces  a  detectable  displacement  of  the 
actuator  shall  be  noted  and  compared  to  the  requirements  of  para¬ 
graph  3.  3.  7  of  the  TDS. 


1.3  Null  Drift 

The  purpose  of  this  test  is  to  determine  the  long-term  drift  character 
istics  of  the  system  with  the  hi -pass  network  (shaping)  shorted  and 
when  operating  at  nominal  conditions. 

With  the  system  initially  adjusted  to  null  and  zero  angular  rate 
applied  to  the  tilt  table,  the  servo- actuator  displacement  shall  be 
continuously  recorded  during  a  one-hour-duration  test  period. 
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The  test  record  shall  be  examined  and  the  maximum  deviation  from 
initial  null  shall  be  noted.  The  frequency  character,  if  any,  of 
the  changing  null  shall  also  be  noted. 


2.0  OPEN-LOOP  SYSTEM  TESTS 

This  set  of  test  requirements  is  designed  to  verify  system  performance 
characteristics  on  system  output  to  input  basis.  The  PFHDtest  setup 
is  the  same  as  shown  on  Figure  78  except  that  the  output  of  the  lag 
section  of  the  shaping  network  is  connected  to  the  system. 


2.  1  Dynamic  Response 


A  sinusoidal  varying  angular  rate  of  l°/sec  constant  amplitude  shall 
be  applied  xo  the  tilt  table  throughout  the  frequency  spectrum  of  0.  01 
cps  to  10  cps.  The  phase  angle  and  amplitude  ratio  shall  be  measured 
at  the  following  frequencies:  0.010,  0.02,  0.03,  0.04,  0.05,  0.10, 
0.20,  0.30,  0.50,  1.0,  2.0,  3.0,  5.0,  and  10.  0  cps.  Repeat  test 
at  5°/sec  amplitude.  The  plots  of  phase  angle  and  amplitude  ratio 
shall  be  compared  with  Figure  77  of  the  TDS. 


2.  2  Null  Drift 

The  purpose  of  this  test  is  to  determine  the  long-term  drift  characteris¬ 
tics  of  the  complete  PFHD  and  to  evaluate  the  ability  of  the  shaping  net¬ 
work  to  reduce  the  drift  as  determined  by  the  pr  ocedure  of  paragraph 
1.  3.  The  test  procedure  as  stated  in  paragraph  1.  3  shall  be  repeated. 

The  test  record  shall  be  examined  and  the  maximum  deviation  from 
initial  null  shall  be  noted.  The  frequency  character,  if  any,  of  the 
changing  null  shall  also  be  noted. 


3.0  CLOSED-LOOP  SYSTEM  TESTS 

The  PFHD  is  mounted  on  a  test  setup  as  shown  in  Figure  79.  The 
loop  is  closed  through  an  analog  computer  which  simulates  the  air¬ 
craft  aerodynamic  characteristics  as  well  as  the  aircraft  power 
boost  servo  characteristics  and  control  linkage  non-linearities.  Step 
input  commands  of  a  lateral  gust  (0)  corresponding  to  a  15  ft/sec  cross 
wind  and  a  rudder  pedal  input  corresponding  to  1°  tail  rotor  blade 
deflection  shall  be  inserted  into  the  computer.  The  tilt  table  motion 
shall  be  recorded  and  compared  with  system  analog  simulation  results 
to  determine  compliance  with  TDS  aircraft  performance  requirements. 
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4.0  ENVIRONMENTAL  TESTS 


The  following  series  of  environmental  tests  is  designed  to  determine 
the  PFHD  closed-loop  performance  when  the  PFHD  is  subjected  to 
simulated  conditions  which  may  be  encountered  in  the  aircraft. 

The  PFHD  shall  be  mounted  on  the  closed-loop  test  setup  (Figure  79). 
The  test  setup  shall  be  equipped  with  a  device  to  produce  vibration  in 
the  vertical  direction  simulating  the  dominant  vertical  vibration  mode 
encountered  in  the  UH-1B  aircraft  (0.2  g  at  30  cps). 


4. 1  Temperature  Tests 

4.1.1  Cold  Start  Test 

The  PFHD  shall  be  subjected  to  an  ambient  temperature  soak  of  suffi¬ 
cient  duration  to  stabilize  the  system  hardware  at  -25° F.  The  fluid 
shall  also  be  stabilized  at  -258F. 

The  system  shall  be  activated;  after  a  period  of  one  minute,  a  rudder 
pedal  step  command  equivalent  to  a  1°  tail  rotor  blade  deflection  shall 
be  inserted  into  the  computer.  The  output  of  the  servoactuator  shall 
be  recorded  and  compared  to  the  performance  obtained  under  nominal 
operating  conditions. 

4.1.2  Fluid  Warm-Up  Tests 

Immediately  following  the  completion  of  the  cold  start  test,  the  fluid 
temperature  shall  be  increased  at  a  rate  sufficient  to  reach  a  stabi¬ 
lized  fluid  temperature  of  +40° F  in  20  minutes  -  +2  minutes,  -0 minutes. 

During  this  period  of  increasing  fluid  temperature,  the  ru  Ider  pedal 
step  command  shall  be  applied  at  5-minute  intervals  and  the  PFHD  sys¬ 
tem  performance  noted  and  compared  to  the  nominal  conditions  per¬ 
formance. 

4.1.3  +40° F  Fluid  Temperature  Tests 

Immediately  following  completion  of  the  fluid  warm-up  test,  with  the 
fluid  temperature  stabilized  at  +40°  F,  a  sinusoidal  response  test  shall 
be  conducted  as  described  in  paragraph  2. 1.  The  phase  and  amplitude 
ratio  plots  shall  be  compared  with  those  obtained  at  nominal  operating 
conditions. 

Upon  completion  of  the  sinusoidal  response  test,  rudder  pedal  steps  and 
lateral  wind  gust  steps  as  described  in  paragraph  3.0  shall  be  applied. 
The  resulting  performance  shall  be  compared  to  the  performance  under 
nominal  operating  conditions. 
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The  vibration-producing  device  shall  be  activated  and  the  rudder  pedal 
steps  and  lateral  wind  gust  steps  shall  be  re-applied.  The  resulting 
performance  shall  be  compared  with  the  performance  obtained  without 
the  vibration. 

4.1.4  Increased  Fluid  Temperature  Tests 

The  PFHD  shall  be  stabilized  at  an  ambient  temperature  of  +100°  F  with 
the  fluid  temperature  at  +100°  F.  The  fluid  temperature  shall  be  raised 
to  185° F  in  40  minutes  ±4  minutes  and  stabilized. 

A  sinusoidal  response  test  shall  be  conducted  as  described  in  para¬ 
graph  4. 1. 3. 

Rudder  pedal  and  lateral  wind  gust  step  test  shall  be  conducted  as 
described  in  paragraph  4. 1. 3. 

The  vibration-producing  device  shall  be  activated  and  the  rudder  pedal 
and  lateral  wind  gust  test  repeated. 


4.  2  Supply  Pressure  Variation  Tests 

The  system  supply  pressure  shall  be  varied  from  nominal  by  ±10  per¬ 
cent  and  the  simulated  aircraft  performance  shall  be  recorded  and 
compared  to  TDS  requirements. 


4.  3  Vibration  Tests 

With  the  PFHD  mounted  on  the  closed-loop  test  setup  (Figure  79),  the 
vibration-producing  device  shall  be  activated.  The  actuator  displace¬ 
ment  shall  be  continuously  monitored  and  recorded.  After  observation 
of  the  effect  of  vibration  on  the  system  null,  rudder  pedal  steps  and 
lateral  wind  gust  steps  as  described  in  paragraph  3.0  shall  be  applied. 
The  resulting  performance  shall  be  compared  with  the  nominal  operat¬ 
ing  conditions  performance. 

Upon  completion  of  this  test,  the  PFHD  shall  be  mounted  on  a  vibration 
machine  and  tested  per  MIL-STD-810A,  Helicopter  Test  Curve  B.  The 
PFHD  shall  be  energized  and  the  actuator  displacement  continuously 
monitored  and  recorded. 

Upon  completion  of  the  test,  the  PFHD  shall  be  examined  for  evidence 
oi  damage  and  then  subjected  to  the  closed-loop  test  as  described  in 
paragraph  3.0. 
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